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ABSTRACT 


The  earlier  prediction  of  this  program  that  metal  rich  diboride  com¬ 
pounds  would  exhibit  superior  oxidation  resistance  was  investigated  and 
verified.  Studi.es  were  made  of  high  pressure  hot  pressed  hafnium  and 
zirconium  diborides,  which  are  the  most  oxidation  resistant  diborides,  at 
boron/metal  ratios  between  1.7  and  2.1.  Measurements  between  1200  and 
2200°K  at  partial  pressures  of  7  to  40  torr  oxygen  and  flowrates  of  100  to 
200  cm'ymin.  were  performed.  At  1900°K  HfB^gg  has  a  parabolic  rate 
constant  which  is  50  times  smaller  than  HfB£  -j^.  The  parabolic  rate 
constants  for  hafnium  diboride  oxidation  are  about  ten  times  smaller  than 
the  corresponding  zirconium  diboride  rate  constants.  Silicon  additions  were 
found  to  improve  oxidation  resistance  below  1600°K  but  not  at  higher  tempera¬ 
tures.  Additional  work  is  in  progress  to  investigate  larger  silicon  and 
aluminum  additions.  Measurements  of  vapor  deposited  ZrBj  gg  and  Boride  Z 
have  been  performed  for  comparison  purposes.  At  present,  our  best  "pure" 
diboride  is  HfB  j .  7  which  exhibits  a  parabolic  rate  constant  for  oxygen  pickup 
of  10"-'  grn^/cm^  min.  at  2200°K  corresponding  to  a  diboride/dioxide  con¬ 
version  of  20  mils  in  one  hour  at  this  temperature.  Sintering  studies  on 
ZrB2  indicate  that  densification  proceeds  by  grain  boundary  diffusion  and  that 
ZrB^gg  can  be  sintered  to  96%  theoretical  density  in  four  hours  at  2100-2200°C 
without  discontinuous  grain  growth.  Additions  of  zirconium  to  ZrBj  7  permitted 
densification  at  1800°C.  Silicon  and  ZrC  additions  did  not  inhibit  discontinuous 
grain  growth  at  high  temperatures.  Preliminary  studies  indicate  that  hafnium 
diboride  sinters  at  slower  rates  than  ZrB^.  Measurements  of  the  thermal 
conductivity  and  emissivity  of  TiB?,  ZrB2,  HTB2  and  TaB2on  dense  polycrystalline 
samples  between  1200°  and  2000°K  are  presented.  Studies  of  the  electrical 
resistivity  of  Zrl^  and  HJB2  have  been  extended  to  1500°C  and  arc  presented 
as  a  function  of  porosity  and  impurity  phases.  Comparisons  have  been  made 
of  computed  Zr-Band  Ilf-B  phase  diagrams  with  experimental  phase  equilibria 
in  these  systems  and  permit  estimates  to  be  made  of  the  free  energies  of 
formation  of  the  monoborides.  Theoretical  methods  for  predicting  the  relative 
oxidation  resistance:  of  the  pure  diborides,  off- stoichiometric  compounds  and 
ternary  diborides  have  been  developed.  This  description  predicts  the  correct 
sequence  of  oxidation  resistance,  and  the  enhanced  oxidation  resistance  of  metal 
rich  diboride.  An  additional  inference  is  that  ternary  alloying  elements 
substituting  on  the  boron  sublattice  will  enhance  oxidation  properties. 
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1897°K.  Initial  Diameter  292  Mils,  Final  Diameter  27  5 
Mils,  Depth  of  Conversion  =  8.  5  Mils  . . 
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Pellet  XX  -  36,  HfB  ^  7Q  After  Oxidation  at  1900°K  .  .  . 
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I. 


INTRODUCTION  AND  SUMMARY 


Transition  metal  diborides  offer  a  number  of  attractive  features  as 
future  high-strength,  high  temperature  materials.  The  combination  of 
high  bond  strength  with  low  relative  masses  of  TiB^,  ZrB2,  HfB£,  NbB^ 
and  TaB2  leads  to  a  unique  series  of  compounds  which  offer  the  possibility 
of  refractoriness,  oxidation  resistance  and  high  strength  to  weight  ratios. 
Realization  of  the  full  potential  of  borides  as  future  high  temperature 
materials  requires  a  thorough  knowledge  of  their  properties  and  behavior 
under  diverse  conditions  of  temperature,  environment  and  stress  states. 

Although  application  of  these  compounds  may  require  alloying  or  composite 
structures,  a  rational  basis  for  such  departures  requires  a  thorough 
knowledge  of  the  properties  of  the  pure  compounds.  In  order  to  determine 
the  factors  which  control  the  behavior  of  these  materials,  an  integrated 
research  program  has  been  designed  and  implemented.  Phase  I  of  this 
program  was  completed  in  September  1963  and  resulted  in  the  distribution 
of  RTD-TDR-63-4096  'Investigation  of  Boride  Compounds  for  Very  High 
Temperature  Applications,  Parti"  (December  1963).  This  document,  in 
addition  to  a  number  of  technical  publications  (see  Section  II)  provides  a 
good  working  description  of  the  chemical,  physical  and  thermodynamic 
properties  of  pure  diborides  relevant  to  their  behavior  in  high  temperature 
oxidizing  environments.  The  information  included  in  the  above  mentioned 
reports  contains  the  results  of  studies  on  expansion  coefficient,  electrical 
resistivity,  hot  hardness,  specific  heat,  vapor  pressure ,  thermodynamic 
stability,  oxidation  characteristics  and  methods  for  preparation  of  pure, 
high  density  boride  compounds. 

On  the  basis  of  the  background  data  generated  by  the  Phase  I  study,it 
was  predicted  that  metal- rich  IlfBg  and  ZrBg  would  exhibit  superior 
oxidation  properties  and  that  additions  of  tantalum,  yttrium  and  silicon 
appeared  as  the  most  promising  candidates  for  confering  additional 
increments  of  oxidation  resistance.  Since  this  latter  property  imposes 
severe  limitations  on  the  performance  of  refractory  compounds  at  elevated 
temperatures,  the  efforts  of  the  Phase  II  study  reported  here  have  been 
directed  toward  verification  of  this  prediction.  Other  activities  include 
studies  of  sintering  kinetics,  measurements  of  thermal  conductivity  ,  electrical 
resistivity  and  phase  equilibria  and  a  thermodynamic  analysis  of  the  effects 
of  ternary  additions  on  the  stability  of  diboride  compounds. 

A,  Summary  of  Results 

In  accordance  with  the  Phase  I  study,  high  density  specimens  of 
ZrBg  and  HfBg  covering  a  range  of  B/Me  ratios  have  been  prepared  by  bigh 
pressure-hot  pressing  and  characterized  by  X-ray,  metallographic, 
pycnometric  and  chemical  analysis.  Oxidation  measurements  on  metal- rich 
and  boron-rich  ZrB2»  metal-rich  and  boron- rich  HfBg,  metal-rich  HfB2  and 
ZrB^  with  silicon  additions  have  been  performed  at  40Torr  oxygen  in  helium  up  to 
2200"  K.  In  addition,  oxidation  measurements  on  pyrolytic  ZrB^  prepared 
by  Raytheon  Co.  and  Carborundum's  "Boride  Z"  have  been  carried  out.  The 
results  obtained  on  specimens  of  varying  stoichiometry  support  the  predictions 
i.e,,  at.  1900°K,  HfB2  prepared  from  a  powder  having  B/Me  =  1.88  exhibits  a 


parabolic  rate  constant  which  is  50  times  smaller  than  Hfl$2  prepared  from 
a  powder  having  B/Me  =  2.  12.  Moreover,  it  has  been  shown  that  hafnium 
additions  to  the  B/Me  =  2.  12  powder  in  quantities  sufficient  to  reduce  B/Me  to 
1.70  reduce  the  rate  constant  to  a  level  comparable  with  the  B/Me  »  1.88. 
Similarly,  in  the  case  of  ZrB^,  at  1900°K,  it  was  found  that  the  rate  constant 
for  B/Me  a  1,89  was  ten  times  smaller  than  B/Me  tv  2.  I,  The  results  re¬ 
ported  here  together  with  those  of  the  Part  I  "December  1963"  (1*)  report  indicate 
that  the  rate  constants  for  HfB2  are  approximately  one  order  of  magnitude 
lower  than  for  ZrB2  which  in  turn  is  five  to  ten  times  better  than  TiB2  and 
TaB£.  Niobium  diboride  is  the  poorest  of  this  family  in  that  it  exhibits 
break-away  and  linear  oxidation  kinetics.  The  preliminary  results  with 
silicon  additions  are  encouraging  since  a  HfB  i[ .  ySiQ  _  25  formulation  was  found 
to  exhibit  a  rate  constant  fifty  times  smaller  than  HfBj  7  at  1600°K.  However, 
this  advantage  vanished  above  1800°K  presumably  due  to  loss  of  silicon.  On 
the  basis  of  research  reported  by  General  Telephone  and  Electronic  Laboratories 
(  2  ,  3)  which  indicated  that  yttrium  additions  to  zirconium  and  hafnium  de¬ 
graded  the  oxidation  resistance  and  that  AI2O3  was  the  oxide  most  impervious 
to  oxygen  diffusion  at  2000°C,  plans  to  make  yttrium  additions  have  been 
postponed  in  favor  of  aluminum  additions.  The  best  material  at  present, 
metal-rich  HfB2»  has  a  parabolic  rate  constant  of  about  10"  ^gms^cra'^rain"* 
at  2200°K  corresponding  to  a  conversion  rate  (diboride  to  dioxide)  of  20  mils/lir. 
Lowering  the  rate  constant  by  a  factor  of  fifty  (which  would  result  in  a  con¬ 
version  rate  of  about  3  mils/hr)  hy  alloying  would  constitute  a  significant 
advance  and  is  our  goal  for  the  next  phase  of  this  program. 

Sintering  studies  on  high  purity  ZrBo  provide  data  which  support 
a  grain  boundary  diffusion  model  for  the  densification.  The  observed 
behavior  for  ZrB2  differs  from  that  observed  for  TiB2  because  unlike  the 
latter,  vaporization  does  not  effect  the  sintering  kinetics  nor  control  the 
limiting  densities.  Samples  of  as  received  Zr&2  with  B/Zr  =  1.89  were 
sintered  to  96%  relative  density  at  2100°  2200°C  in  the  absence  of  discon¬ 
tinuous  grain  growth;  the  addition  of  zirconium  metal  to  adjust  B/Zr  to  1.70 
increased  the  sintering  rate  and  material  with  98%  relative  density  could  be 
prepared  at  1800UC.  Silicon  and  zirconium  carbide  additives  to  ZrB2 
inhibited  the  sintering  rate;  in  the  range  where  investigated.  None  of  the 
selected  additions  inhibited  discontinuous  grain  growth.  Preliminary  results 
for  HfB2  indicate  slightly  reduced  sintering  rates  relative  to  ZrB2  at  2100°C; 
the  specimens  did  not  exhibit  discontinuous  grain  growth. 

Measurements  of  the  thermal  conductivity  and  cmissivity  of  TiB2, 
ZrB2,  HfB2  and  NI3B2  have  been  performed  on  polycrystalline  samples  between 
1200°  and  2000-'K.  lire  results  show  a  linear  increase  in  thermal  conductivity 
with  temperature  for  all  the  borides  examined.  The  available  data  in  the 
literature  and  the  characterization  data  for  the  measured  samples  provide  a 
correlation  of  structure  and  composition  for  the  thermal  conductivity  of  these 
materials . 


-'Underscored  numbers  in  parentheses  indicate  References  given  at  end  of  this 
report . 
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The  electrical  resistivity  data  for  ZrB?  and  HfBj  have  been  extended 
to  1400°C  and  1500°C  respectively  for  polycrystalline  samples.  These  re¬ 
sults  confirm  the  previously  reported  linear  increase  of  resistivity  with 
temperature.  The  variation  of  resistivity  and  the  temperature  coefficient  of 
resistivity  with  porosity  and  impurity  phases  are  discussed. 

Phase  diagrams  for  the  Zr-B  and  the  Hf-B  systems  have  been  cal¬ 
culated  from  the  available  thermodynamic  descriptions  of  the  diborides  and 
the  metal  and  boron;  this  calculation  provided  an  estimate  of  the  free  energy 
of  formation  of  the.  monoborides,  ZrB  and  HfB.  The  computed  diagrams  are 
compared  with  the  previously  reported  phase  diagrams  and  with  the  results 
obtained  in  the  experimental  program  in  this  area.  The  latter  program  included 
solidus  determinations  and  phase  boundary  experiments  in  the  range  1000°  to 
2200°C  in  both  systems. 

Theoretical  methods  for  predicting  the  relative  oxidation  resistance 
of  the  pure  diborides  and  the  off  -  stoichiometric  compositions  based  on 
minimizing  the  B2O3  pressure  or  the  boron  activity  gradient  across  the  oxide 
layer  are  presented.  These  idealized  descriptions,  together  with  considera¬ 
tions  of  oxide  stability,  oxide-boride  volume  coherency  and  a  thermodynamic 
treatment  of  ternary  diborides  have  been  performed  in  order  to  guide  the 
alloying  program.  An  interesting  result  of  the  latter  analysis  is  that  elements 
which  substitute  on  the  boron  sublattice  will  depress  the  boron  activity  more 
effectively  than  those  which  enter  on  the  metal,  lattice. 
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II.  PROGRAM  MANAGEMENT 


A.  Introduction 


In  view  of  the  diverse  nature  of  the  present  study,  it  is  being 
performed  as  a  group  effort  in  which  ManLabs,  Inc.  functions  as  prime 
contractor  with  Larry  Kaufman  serving  as  principal  investigator  and 
Edward  V.  Clougherty  as  group  leader.  In  this  capacity,  ManLabs 
provides  management  responsibility  in  addition  to  performing  ‘'in-house" 
research.  Several  other  laboratories  are  participating  in  this  study  and  are 
identified  below. 

During  the  two  year  period  since  the  inception  of  this  study  three 
semi-annual  reports  (prior  to  the  present  report)  and  one  summary  report 
have  been  prepared  and  distributed.  In  addition,  several  technical  papers 
are  in  preparation  and  in  print. 

B.  Subcontracting  Laboratories 

Arthur  D.  Little,  Lexington  Laboratories,  and  the  University  of 
Cincinnati  are  the  principal  subcontractors  in  the  present  study.  The 
research  performed  by  these  groups  is  reported  in  Sections  V,  VI,  and 
VII  of  this  document  and  is  identified  accordingly.  In  addition,  analytical 
services  have  been  provided  by  Donald  Gurnscy,  Department  of  Metallurgy 
M.I.T.,  Jarrell  Ash  Co.  of  Newtonville,  M  ss.  and  Advanced  Metals 
Research  Ccrp.  of  Somerville,  Mass. 

C .  Publications 


Technical  Documentary  Report  No.  RTD-TDR-63-4096 
summarizing  the  results  of  the  first  eighteen  months  of  this  study  was 
prepared  and  distributed  in  December  1963.  At  present  nine  papers 
based  largely  on  the  results  reported  in  our  first  summary  report  are  in 
print  or  in  various  stages  of  preparation.  We  anticipate  that  the  nature  of 
our  studies  will  continue  to  qualify  future  research  on  this  program  for 
inclusion  in  the  technical  literature.  Published  papers  as  well  as  those 
presently  submitted  for  publication  include: 

L.  Kaufman,  "Thermodynamic  Propertius  of  Transition  Metal  Diborides", 
A.  I,  M.E.  Symposium  on  Compounds  of  Interest  in  Nuclear  Reactor 
Technology,  Boulder,  Colorado  (19 64) -Edited  by  J.  T.  Waber  and  P.  Chiotti, 
Edwards  Brothers,  Ann  Arbur,  Michigan. 

L.  Kaulman  and  E.  V.  Clougherty,  "Investigation  of  Boride  Compounds 
for  High  Temperature  Applications",  Proceedings  of  an  International 
Symposium  on  Materials  for  the  Space  Age,  Metallwerk  Plansee  Reutte, 
Austria,  (1964),  (Proceedings  to  be  published). 
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E.  V.  Clougherty  and  R.  L.  Pober,  "Physical  and  Mechanical 
Properties  of  Transition  Metal  Diborides",  A.  I, M.E.  Symposium  on 
Compounds  of  Interest  in  Nuclear  Reactor  Technology,  Boulder,  Colorado 
(1964)  -Edited  by  J.  T.  Waber  and  P.  Chiotti,  Edwards  Brothers,  Ann  Arbor, 
Michigan. 

H.  Bernstein,  "Debye  Temperature  Measurements  and  Thermodynamic 
Properties  of  HfB^,  ZrB->,  HfC  and  ZrC",  A.I.M.E.  Symposium  on 
Compounds  of  Interest  in  Nuclear  Reactor  Technology,  Boulder,  Colorado 
(1964)  -Edited  by  J.  T.  Waber  and  P,  Chiotti,  Edwards  Brothers,  Ann  Arbor, 
Michigan. 

J.  B.  Berkowitz-Mattuck,  "Oxidation  Characteristics  of  HfB^  and  ZrB^" 
in  preparation  for  publication  in  Jnl  of  Electrochemical  Society. 

P.  Blackburn,  "Vaporization  of  NbB^"  in  preparation  for  Jnl  of  Physical 
Chemistry. 

E.  F.  Westrum,  Jr.,  and  G.  Clay,  "NbB-|  The  Heat  Capacity  and 

Thermodynamic  Properties  from  5  to  350°iC,  Jnl  of  Physical  Chemistry 
(1963)  67  2385. 

C.  K.  JunandM.  Iloch,  "The  Thermal  Conductivity  of  TiB;,,  ZrB^, 

HfB^j  and  NbB2  at  Elevated  Temperatures"  submitted  for  inclusion  in  the 
Proceedings  of  the  International  Conference  on  Thermal  Conductivity  held 
July  1964  at  the  National  Physical  Laboratory,  Teddington,  Middlesex, 
England. 

E.  F.  Westrum,  Jr.  and  G.  Clay,  "Specific  Heat  of  TaB^  and  TiB^"  in 
preparation  for  Jnl  of  Chemical  Engineering  Data, 
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III.  PROCUREMENT  AND  CHARACTERIZATION  OF  STARTING  MATERIALS* 
A.  Introduction 


Although  a  portion  of  the  oxidation  studies  in  the  continuing 
investigation  of  the  diborides  of  hafnium  and  zirconium  involves  the  deliberate 
modification  of  pure  starting  material  by  the  introduction  of  various  additives, 
the  procurement  of  high  purity,  well  characterized  starting  materials  is  still 
required  for  the  overall  objectives  of  this  program.  In  particular,  the 
analysis  of  the  results  obtained  from  specimens  with  additives  in  the  above 
mentioned  oxidation  studies  is  based  in  large  part  on  the  characterization  of 
the  test  specimens  and  starting  materials.  Hence,  there  is  a  continuing 
requirement  for  high  purity  starting  materials  to  minimize  experimental 
variables  and  to  maximize  probability  for  reproducibility  in  the  preparation  of 
test  specimens.  In  addition,  fabricated  samples  of  "as-received"  hafnium 
diboridc  and  zirconium  diboride  were  prepared  for  other  oxidation  studies  and 
for  thermal  conductivity  and  electrical,  resistivity  measurements.  High 
purity  materials  including  diborides,  metals  and  boron  were  used  for  phase 
boundary  experiments. 

B.  Characterization 


Diboride  powders  were  characterized  by  quantitative  chemical 
analysis  for  metal,  boron,  carbon,  nitrogen,  oxygen  and  iron,  by  qualitative 
spectrographic  analysis  for  trace  impurities,  and  by  X-ray  diffraction  and 
powder  densitometry  for  the  presence  of  extraneous  phases.  Metals  and 
elemental  boron  were  characterized  by  qualitative  spectrographic  analysis 
for  minor  impurities.  The  evaluation  of  the  dense  material  fabricated  by 
high  pressure  hot  pressing  and  the  interpretation  of  the  results  obtained  in 
the  oxidation  studies  could  not  ho  performed  with  any  degree  of  confidence 
unless  the  starting  materials  tmd  the  fabricated  test  specimens  were  well 
characterized. 


1 .  Hafnium  Diboride  and  Zirconium  Diboride 


In  the  course  of  this  program  fifteen  pounds  of  hafnium  diboride 
powder  were  purchased  and  received.  This  procurement  included  an  initial 
five  pound  shipment,  hereafter  referred  to  as  llfB2(l),  a  second  one  pound 
shipment,  HfB?(2A),  and  a  final  nine  pound  shipment,  HfB^i^)  •  All  the  results 
pertaining  lu  I ulj ^  presented  in  RTD-TDR-63-4096  worn  obtained  with  IIfB^,(  1 ) . 
The  procurement  of  zirconium  diboride  was  accomplished  in  the  previous 
investigation  l**)  The  initial  tun  pound  shipment,  hereafter  referred  to  as 
ZrB^(l)  was  complemented  by  a  small  quantity  of  up-graded  material,  ZrB^P) 
supplied  under  a  purification  subcontract  ( _4 ) by  U.  S,  Borax  Research 
Corporation, 


A  summary  of  the  results  of  chemical  analyses  is  presented  in 
Table  l.  in  the  evaluation  of  samples  of  ZrB-,  and  HfB^  fabricated  by  high 
pressure  hot  pressing  it  became  apparent  (see  Section  fVj  that  the  density  of 
the  "as-received"  hafnium  diboride  powder  was  less  than  the  calculated  X-ray 
density.  This  was  particularly  noticeable  for  the  material  designated  as  llfB2(2). 
Accordingly,  pyr.nometric  procedures  wore  used  to  obtain  the  powder  density 
of  HfB^ii)  and  ZrB^(l).  The  density  was  measured  in  several  solvents;  the 


*  Y.  Clougherty,  ManEabs,  Inc. 

**  Underscored  numbers  in  parentheses  designate  References  given  at  end  of  repo 
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TABLE  1 


CHEMICAL  ANALYSES  OF  HAFNIUM  DIBORIDE  AND  ZIRCONIUM  DIBORIDE 

Averaged  Quantitative  Results  (w/o)* 


Material 

M 

B 

B/Me 

C 

N 

O 

Fe 

ZrBz(l) 

80.67 

18.05 

1.89 

0.33 

0. 19 

0.  53 

0.06 

ZrB2(P) 

80.46 

18.82 

1. 97 

0.  16 

0.05 

0.  47 

0.  03 

T  T  f  B  2  ( 3 ) 

89.0 

10.6 

1.97 

0. 14 

0.017 

0.  10 

0.083 

HfB2(2A) 

88.4 

10.07 

1.88 

0.  28 

0.02 

0.  10 

0.07 

HfB,(2) 

87.  33 

11,2 

2.  1  2 

0.  37 

0.  01 

0.05 

0.26 

*  Chemical  analyses  by  D.  Curnsey,  Metallurgy  Dept.  ,  M.I.  T.  except  for 
ZrB;>(P)  for  which  analytical  data  arc  summarized  in  Reference  4, 


Mate,  vial 
ZrBz(l) 

ZrD2(P) 

HfB2(l) 

IlfH2(2A) 

HfB2(4) 


Qualitative  Results  (Range  w / o) 
(Jarrell  Ash  Co. ,  Nowtonvxllo ,  Mass.) 


0.  10 

0.01-0.  10 

0. 001-0.01 

0.001 

-- 

Ca,  Cr,  Ti 

Na,  Mg,  Co, 

Ni,  Mo 

Be,  NIi,  Ag 
Mn,  Al,  Co 

— 

Ti,  Si 

— 

Cu 

-- 

— 

Ai,  li,  M.n 

Cu,  Mg,  Cr 

-- 

Fe,  Zr 

Si 

Na,  Mg,  Ai 
Ti,  Mn,  Cu 

~~ 

Al,  Zr,  Mil 

— 

Na,  Mg,  Si, 
Ca,  Ti 
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precision  of  the  measurement  was  better  for  ZrB?  than  for  Hff^.  The 
results  are  presented  in  Table  2.  X-ray  techniques  were  used  to 
identify  extraneous  phases  in  the  starting  materials  and  to  measure  the 
lattice  parameters  for  boron  rich  metal  rich  Hfl^C^A),  and 

for  near  stoichiometric  ZrE^P).  The  apparatus  and  the  procedure  for 
precise  lattice  parameter  measurements  were  described  in  a  recent 
report  (5).  Previous  X-ray  characterizations  data  and  the  results  obtained 
for  the  above  mentioned  materials  are  presented  in  Table  3. 

The  characterization  data  in  Tables  1  through  3 
indicate  that  the  materials  designated  as  HfB0(2A)  and  HfB^Z)  are  quite 
dissimilar.  Complementary  evidence  obtained  by  metallographic  techniques 
on  dense  fabricated  specimens  (see  Section  IV)  confirm  these  findings.  The 
different  materials  were  used  to  advantage  in  the  present  program. 

Additional  characterization  data  was  obtained  from  the  many 
chemical  analyses  that  were  performed  on  these  two  samples  of  high 
purity,  commercially  available  hafnium  diboride.  Tbe  analytical  procedure 
for  the  determination  of  hafnium  in  hafnium  diboride  (6)  requires  the 
dissolution  of  the  sample  in  a  solution  of  sulfuric  acid  and  hydrogen 
peroxide.  When  HfB^^)  and  HfB^(2A)  were  treated  in  this  manner, 
insoluble  residues  (2.  18  and  0.  8  weight  percent  respectively)  were  obtained; 
HfE2(l)  was  completely  dissolved  in  this  solution.  The  apparent  low  powder 
density  of  H£B2(2)  indicates  the  presence  of  a  low  density  impurity  and  the  X- ray 
results  suggest  the  presence  of  I-IfB  12  i  the  chemical  analyses  indicate  excess 
boron  and  a  relatively  high  carbon  content.  A  check  on  a  sample  of  B^C 
showed  that  this  iow  density  material  was  insoluble  in  the  above  solvent. 

The  effort  of  low  density  impurities  on  the  measured  density  of  fabricated 
specimens  of  moderately  high  density  material  (e.g.,  ZrB^,  p  =6,09  g/cc) 
and  on  high  density  material  (e.g.  ,  HfB^,  p  -  11.20  g/cc)  is  considered  in 
detail  in  Section  IV. 

Further  characterization  was  obtained  from  the  available 
chemical  analysis  results  by  computing  the  weight  percent  of  the  matrix 
diboride  material  for  given  stoichiometries.  The  calculation  was  performed 
by  assuming  that  the  boron  content  controlled  the  metal  composition  for  the 
metal  rich  powders  and  vice  versa  for  the  boron  rich  powders.  The  results 
presented  in  fable  4  provide  a  measure  of  powder  purity  which  agrees 
with  tbe  other  characterization  data,  and  with  the  resells  obtained  for  cion  sc 
fabricated  samples  of  these  materials. 
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TABLE  2 


PYCNOMETRIC  DENSITY  OF  DIBORIDE  POWDERS 


Liquid 

Liquid  Density  (g/cc) 

Powder  Density  (g/cc)* ** 

HfB,(2) 

ZrB2(l) 

Trichloro¬ 

ethylene 

1.451 

6.02 

T  oluene 

0.858 

10.39(2) 

5.97 

Xylene 

0.861 

10.27(4) 

6.08(d) 

M  ethanol 

0.784 

10.47(2) 

6.09 

Average  Density  (g/cc) 

10.  38 

6.04 

X-ray  Density  (g/cc) 

11. 20 

6.09 

%  X-ray  Density 

92.7 

99.2 

*  The  number  in  parentheses  which  follow  tabulated  averaged  powder 
density  values  for  a  given  solvent  .is  the  number  of  individual  density 
measurements  for  that  solvent. 


TABLE  3 


M  ate  rial 

X-RAY  ANALYSIS 

Atomic  Ratio  li/Mu 

OK  DI BORIDE  POWDERS 

.Lattice 

Extraneous  Phases*  Parameters 

Radiation’ 

ao(A) 

co(£) 

ZrB2(I) 

1.89 

Zr(C,B) 

3.  171 

3.  169 

3.527 

3.532 

M-Cu 

Un-Cu 

Zrli2(P) 

1.97 

Zr°2 

3.  169 

3.532 

Un-Cu 

I-IfB2(l) 

1.96 

IIf(C,B) 

3. 1410 

3.4761 

M-Cu 

HfB2(2A) 

1.88 

IIf(C,  B) 

H£02 

3. 140] 

3.4761 

M-Cu 

HfB2(Z) 

2.12 

HfB  I? 

H£02 

3. 1400 

3.4758 

Un-  Cu 

*  The  phases  tabulated  as  Me(C,B)  are  the  monoborides  or  carbides  with 
the  NaCl  structure.  The  stabilization  of  the  cubic  monoboride  by  carbon 
is  discussed  in  Section  VIII.  The  identification  of  these  phases  is  based  in 
the  assignment  of  one  extraneous  X-ray  diffraction  line,  the  known  overall 
composition  of  the  powders,  and  the  methods  for  preparing  these  materials 

**  M- Cu  indicates  monochromatcd  Cu  radiation  (cf.  Ref.  3);  Un-Cu,  unfiltered 
Cu  radiation. 
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TABLE  4 
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2.  Metals  and  Boron 


The  characterization  of  the  elemental  powders  used  in  the 
additive  program  for  oxidation  studies  and  in  the  phase  boundary  studies 
was  limited  to  a  qualitative  spectrographic  analysis.  The  results  in 
Table  5  support  the  contention  that  further  characterization  is  not 
necessary  at  this  time. 


TABLE  5 

CHARACTERIZATION  OF  METALAND  BORON  POWDER 

QUALITATIVE  RESULTS  (RANGE  w/o) 

(Jarrell  Ash  Co .  ,  Newtonville,  Mass.) 


Element 

0.1-1 

0.01-0. 

Hf 

-- 

Fe,  Zr 

Zr 

Ti* 

Fe,  Sr, 

Na 

H  M 

— 

Nb 

Ni 

Si 

Ai* 

B 

Mnf  Si* 

Mg,  Al 

0.001-0.01 

0. 0001-0.001 

Mg,  Na,  Si 

Al,  B,  Ca, 
Co,  Mn,  Cu 

Na,  Al,  Cr, 

Zn 

Mg,  Ca,  Mn, 
Ni,  Cu,  Ag, 
Sn,  Ba,  Pb 

— 

Na,  Fe,  Ni, 
Cu,  Zn 

Fe,  Sn 

Na,  Mg,  Al 
Si,  Cu,  Pb 

Ti,  Cr,  Mn, 

Ft1.,  Ni,  Cu 

V 

Ca,  Ti, 

Ba,  Pb,  Chi 

Ag,  Ni,  Sn 


❖Quantitative  spectrographic  analyses  for  the  elements  marked  with  an  asterisk  (*) 
shovved:0  0Q5  W/Q  Ti  in  Zr 

0.40  w/o  Mn  and  0.72  w/o  Si  in  B 
0.53  w/ o  A1  in  Si 
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3.  Attempted  Purification  of  H£B^(2) 

One  attempt  was  made  to  up-grade  the  large  shipment  of 
hafnium  diboride,  HfR2(2)»  by  an  acid  leaching  process  similar  to  that 
successfully  applied  to  ZrB^  by  the  U.  S.  BoraxCo.  (4).  The  HfB2(2)  was 
leached  in  6N  aqueous  HF  at  0°C  for  four  hours.  This  procedure  did  not 
effect  a  purification,  rather  most  of  the  sample  dissolved.  The  residue 
showed  X-ray  evidence  for  B^C  and  HlT^. 

Special  purification  studies  on  hafnium  diboride  are  not 
within  the  scope  of  the  present  program  but  the  above  rather  simple 
procedure  was  attempted  with  the  hope  that  it  might  prove  helpful.  The 
identification  of  B^C  in  the  residue  supplied  additional  characterization 
data.  The  techniques  discussed  in  Section  IV  and  the  results  in  Section 
VI  show  that  the  HfB^il)  material  can  be  of  significant  value  in  this 
program  without  purification  experiments,  i.e.  ,  this  material  is  boron  rich  HfB^ . 

C.  Discussion 


The  elaboration  of  details  of  the  characterization  tor  one  material, 
namely,  hafnium  diboride,  purchased  as  a  high  purity  item  from  one 
manufacturer  (on  a  "best  effort  basis"  because  at  the  time  no  other 
arrangements  could  be  negotiated)  demonstrates  one  of  the  many  problems 
encountered  in  carrying  out  careful  investigations  with  this  type  of 
material.  In  the  course  of  these  evaluations  it  was  learned  that  the 
original  material  HfBo(l)  was  prepared  from  HfO^  and  crystalline  boron. 
The  IIfB2(2:A)  was  also  prepared  similarly.  The  H£B2(2)  was  prepared  by 
firing  a  mixture  of  HfC^,  B2O3,  and  graphite.  This  alternate  procedure 
was  selected  because  reliable  sources  of  crystalline  boron  could  not  be 
found  at  the  particular  time. 

The  combined  knowledge  of  the  manufacturing  procedures,  the 
chemical  analyses,  the  X-ray  diffraction  results,  the  powder  densitometry, 
the  attempted  purification  a  turn-;  and  the  metallographic  analyses  and  the 
pycnometric  densities  of  the  fabricated  specimens  lead  to  the  following 
conclusions: 

(a)  ZrB2(l)  is  a  metal  rich  powder  with  B/Me  a  1.89;  the  powder 
contains  a  second  phase  which  X-ray  results  indicate  is  a 
cubic  material  probably  a  carbon  stabilized  monoboride.  The 
powder  density  i3  6.04  g/cc,  99.2%  of  the  X-ray  density  of 
ZrBn  The  powder  contains  from  94  to  96  weight  percent  of 
the  diboride. 

(b)  ZrB2(F)  is  a  metal  rich  powder  with  B/Me  a  1.97;  the  powder 
contains  a  second  phase  which  X-ray  results  indicateas  ZrC>2. 
Metallographic  results  in  Section  IV  indicate  that  the  amount  of 
second  phase  is  reduced  in  this  material  relative  to  ZrB2(l). 
The  powder  contains  from  98  to  100  weight  percent  of  the 
diboride. 


12 


(c)  HfBg(l)  is  a  metal  rich  powder  with  B/Me  a  1,97;  the 
powder  contains  a  second  phase  which  X-ray  results  indicate 
is  a  cubic  material  probably  a  carbon  stabilized  monoboride. 

The  earlier metallographic  results  indicated  that  the 
amount  of  second  phase  was  minimal.  The  powder  contains 
from  98  to  100  weight  percent  of  the  diboride. 

(d)  HfB;>(2A)  is  a  metal  rich  powder  with  B/Me  a  1.88;  the 
powder  contains  a  second  phase  which  X-ray  results  indicate 
is  a  cubic  material  probably  a  carbon  stabilized  monoboride. 
There  is  also  some  X-ray  evidence  for  a  small  amount  of 
HfO^.  The  metallographic  results  in  Section  IV  indicate  that 
this  material  has  more  of  the  second  phase  than  IlfB^l)  but 
less  than  HfB^(2).  The  powder  contains  from  93  to  95  weight 
percent  of  the  diboride. 

(e)  HfB£(2)  is  a  boron  rich  powder  with  B/Me  «  2.  12;  the  powder 
contains  a  phase  which  has  a  relatively  low  density  and 
contains  carbon  and  boron.  This  major  contaminant  is 
probably  B.C.  There  is  some  X-ray  evidence  to  suggest  the 
presence  of  HfC>2  and  HfB  There  is  no  X-ray  evidence  to 
suggest  the  cubic  phase  which  appears  in  the  metal  rich  ZrB^ 
and  IlfB^.  The  powder  density  is  10.38  glee,  92.7%  of  the 
X-ray  density.  The  powder  contains  98  weight  percent  of  the 
diboride  and  approximately  2  weight  percent  of  the  impurity 
phase  which  may  be  B^C. 

(f)  The  lattice  parameter  results  do  not  show  any  significant 
difference  between  the  metal  rich  HfB-.(2A)  and  the  boron 
rich  H£B?(2);  previous  results (_5)  for  NbBg  which  is  stable 
over  a  wide  range  of  composition  did  show  a  significant 
variation  in  both  parameters.  However,  the  identification  of 
the  different  second  phases  in  these  two  materials  docs 
support  the  conclusions  that  HfB 2 A)  is  metal  rich  and  HfB^Z) 
is  boron  rich.  It  is  possible  that  the  range  of  stability  of  HfBjj 
is  not  sufficiently  wide  to  change  the  lattice  parameters.  The 

two  metal  rich  zirconium  diLoridc  powders,  ZrB-^l)  and  ZrBgtP) 
have  identical  lattice  parameters. 
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IV.  CHARACTERIZATION  OF  SPECIMENS  FOR  OXIDATION  STUDIES* 
A.  Introduction 


High  pressure  hot  pressing  was  used  to  prepare  dense  specimens  for 
oxidation  studies  and  for  electrical  resistance  and  thermal  conductivity- 
measurements.  The  characterization  data  presented  for  specimens  of  TiB9, 
ZrB2  and  HfBn  in  the  summary  report  (1)  demonstrated  that  high  density 
material  could  be  prepared  without  significant  contamination.  Oxidation 
studies  revealed  that  this  material  was  at  least  equivalent  to  single  crystals 
in  oxidation  resistance.  The  measured  density  of  the  fabricated  material 
was  generally  at  least  95%  of  the  X-ray  density,  Metallographic  analyses 
confirmed  the  relatively  high  density. 

B.  Experimental  Procedures 


1 .  Fabrication  by  High  Pressure  Hot  Pressing 

The  general  characteristics  of  the  fabricating  procedure  and 
the  experimental  condition  required  to  produce  dense  material  were 
presented  in  the  previous  report  (1).  Temperature  calibration  studies 
performed  in  a  fundamental  investigation  (7)  of  the  mechanism  of  densification 
by  this  procedure  have  revealed  that  the  temperatures  employed  are  between 
1800  and  2000  C.  These  temperatures  are  significantly  lower  than  those 
previously  reported  (1).  Selected  experimental  conditions  used  to  fabricate  some 
of  the  samples  prepared  in  the  present  study  are  collected  in  Table  6. 

The  general  procedure  for  preparing  oxidation  specimens 
required  the  fabrication  of  a  bar  1.0  in.  long  by  0.40  In.  diameter.  Diamond 
impregnated  tools  were  used  to  machine  right  circular  cylinders  0.30  in. 
diameter  and  to  cut  specimen  discs  0.  110  in.  thick.  The  samples  were  then 
polished  metallographic  ally  and  after  examination,  representative  samples 
.were  selected  for  X-ray  and  chemical  analyses.  When  the  metallographic 
Einalyses  indicated  a  need  for  homogenization  of  materials  fabricated  from 
mixtures  of  as-reccivcd  powders  and  the.  various  additives,  the  specimens 
were  heated  for  24  hours  at  1500  C  in  argon  prior  to  oxidation.  Additional 
metallographic  analyses  followed  the  homogenization. 

The  initial  fabrications  in  the  present  program  were  performed 
with  ZrB^fl).  A  series  of  high  density  (^8%  of  X-ray  density)  bars  were 
prepared.  The  second  material  selected  for  fabrication  was  HfB^^).  In 
contrast  to  the  apparent  success  for  ZrBgfl),  material  with  more  than  92% 
of  the  X-ray  density  could  not  be  prepared.  Metallographic  analysis  of  the 
latter  revealed  the  presence  of  a  second  phase;  the  apparent  porosity  was 


*  E.  V.  Clougherty  and  R.  L.  Pobcr,  ManLabs,  Inc. 
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TABLE  6 


PREPARATION  AND  CHARACTERIZATION  OF  OXIDATION  SPECIMENS* 

Fabricating 


Characteriz¬ 
ation  No. 

Material 

Oxidation 

No. 

Conditions  4 

Temp.  Time 

F  igure 

B/Me 

T’c) 

(min) 

29-2 

HfB2(2) 

XV1II-45 

2000 

11 

1 

2.  12 

38-4 

HfB2(2A) 

XVIII-49 

2000 

9 

2a 

1.88 

A16-3 

HfB?(2)  1-  Hf 

XXI-11 

1940 

6 

2b 

1.70 

A  4-1 

HfB7(2)  +  Hf 

XIX-38 

2000 

5 

3 

2.0 

A19-5 

HfB2(2)  +  Hf  +  Si 

XXI-1 

1850 

14 

4 

1.95 

30-3 

ZrB2(l) 

XVIIJ.-28 

4 

5 

1.89 

P  5-5 

ZrB2(P) 

XX-17 

1920 

5 

6 

1.97 

A17-2 

ZrB2(l)  I-  Zr 

XX -47 

1820 

7 

7 

1.70 

A22-1 

ZrB2(l)  +  B 

XXII-9 

1850 

15 

8 

2.1 

A21-3 

Zriyi)  +  Zr  +  Si 

XX I- 17 

1850 

15 

9 

1.95 

__ 

Boride  Z** 

— 

-- 

— 

10 

-- 

-- 

Pyrolytic  ZrB2** 

— 

-- 

__ 

11 

1.85 

*  Qualitative  spectroscopic  analyses  and  quantitative  chemical  analyses  de¬ 
tailed  in  Appendix  I  coupled  with  the  complete  metallographic  analyses 
show  no  evidence  of  significant  contamination  of  the  starting  materials 
in  the  fabricating  process, 

**  The  metallographic  results  on  Boride  Z  and  pyrolytic  ZrB?  shown  in 
Figures  10  and  11  are  applicable  to  the  respective  materials  in  general 
and  not  to  a  specific  sample.  Accordingly,  an  Oxidation  No.  can  not  be 
assigned  to  a  specific  photomicrograph. 

+  The  materials  were  heated  for  the  indicated  intervals  at  pressures 
ranging  from  170,  000  to  250,000  psi. 
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minimal.  Additional  fabrications  were  performed  with  ZrB2(P),  Zrii2(l)  + 

Zr,  ZrB,(l)  +  Zr  +  Si,  ZrB2(l)  +  B,  and  with  HfB2(2A),  HfB2{2)  +  Hf, 

HfB2(2)  -F  Hf  +  Si,  HfB2(2)  +  Ta.  These  materials  afforded  specimens  with 
densities  of  95%  or  more  of  the  powder  density.  Metallographic  analysis 
revealed  the  definite  presence  of  a  2nd  phase  in  ZrB2(l)  and  in  HfB2(2)  and 
a  definite  reduction  in  the  amount  of  the  second  phase  in  ZrB2(F)  and  in 
HfB2(2A).  Considerable  reduction  in  the  amount  of  the  2nd  phase  in  HfB2{2) 
was  also  observed  in  material  fabricated  from  HfB2(2)  with  added  hafnium 
metal  to  adjust  the  B/Me  ratio  to  2.  0  and  to  1.70.  The  samples  prepared 
with  silicon  and  boron  additions  were  two  phase. 

Before  discussing  each  material,  it  is  instructive  to  consider 
the  effect  of  low  density  impurities  (e.  g.  ,  C,  B,  B^C)  on  those  properties  of 
fabricated  materials  which  are  usually  measured  for  purposes  of  characteri¬ 
zation.  A  calculation  of  several  properties  of  ZrB2  and  IIfB2  were  performed 
for  a  given  volume  percentage  of  an  impurity  with  a  density  of  3.0  g/ec.  The. 
densities  of  C,  B  and  BqC  are  2.3,  2.2  and  2.5  g/cc.  respectively.  The 
calculated  quantities  are  presented  in  Table  7.  The  volume  percentage  of  the 
impurity  is  the  same  as  the  area  percentage  of  the  impurity.  This  property 
is  reflected  in  the  metallographic  analysis.  The  calculated  density  corresponds 
to  the  measured  density  of  the  fabricated  specimens  and  the  powders.  The 
percentage  of  the  X-ray  density  is  the  usually  calculated  quantity  when  the 
powder  density  is  not  known.  The  weight  percentage  of  the  matrix  is  the 
percentage  of  the  powder  present  as  ZrB2  or  HfB2;  this  quantity  was  calcu¬ 
lated  from  the  chemical  analyses  for  different  stoichiometries  in  Table  4. 

The  characterization  data  for  actual  oxidation  specimens 
tested  in  Section  VI  arc  presented  in  Table  6.  Photomicrographs  presented 
in  Figures  1  through  11  show  the  principle  features  of  the  basic  materials 
which  were  evaluated  in  this  study;  specific  comments  arc  provided  below. 

C .  Materials  for  Qxidati on 

1 .  Boron  Rich  Hafnium  Diboride 

Material  fabricated  from  HfB2(2)  as  received  with  B/Hf  =2.12 
provided  dense  two  phase  specimens,  boron  rich  diboride  and  a  second  phase 
which  comprised  approximately  eight  percent  of  the  surface  area  and  two  percent 
by  weight  of  the  sample.  Some  of  the  fabricated  materials  were  characterized 
by  large  grain  structures.  The  latter  apparently  formed  in  the  presence  of  a 
liquid  phase  in  grain  boundaries  during  hot  pressing.  A  representative  photo¬ 
micrograph  is  shown  in  Figure  1. 

2.  Metal  Rich  Hafnium  Diboride 

Material  fabricated  from  IlfB2(2A)  as  received  with  B/Hf  =  1.88 
provided  dense  two  phase  specimens,  metal  rich  diboride  and  a  second  phase 
which  comprised  five  weight  percent  of  the  sample.  This  metal  rich  hafnium 
diboride  showed  a  specific  etching  characteristic  as  illustrated  in  Figure  2a. 

Some  specimens  showed  significant  grain  growth,  others  did  not. 
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TABLE  7 


EFFECT  OF  LOW  DENSITY  IMPURITIES  ON  THE  APPARENT 
CHARACTERIZATION  PROPERTIES*  OF  FABRICATED  MATERIAL 


Matrix 

Volume  % 
Impurity 

Calculated 

Density 

%  X-ray 
Density 

Weight  % 
Matrix 

HfB7 

0.0 

(g/cc.) 

11.20 

100.00 

100.00 

1.0 

11.12 

99.28 

99.73 

2.0 

11.04 

98.57 

99.45 

3.0 

10.95 

97.76 

99.  17 

4.0 

10.87 

97.05 

98.99 

5.0 

10.79 

96.33 

98.  60 

6.0 

10.71 

95.62 

98.31 

7.0 

10.  63 

94.91 

98.02 

8.0 

10.  55 

94.19 

97.73 

ZrB, 

0.0 

6.  09 

100.0 

100.0 

L* 

1.0 

6.06 

99.5 

99.  5 

2.0 

6.03 

99.0 

99.0 

3.0 

6.00 

98.5 

98.  6 

4.0 

5.97 

98.0 

98.0 

5.0 

5.94 

97.5 

97.5 

*  The  quantities:  Calculated  Density,  %  X-ray  Density,  and  Weight  % 
Matrix  were  calculated  for  the  tabulated  Volume  %  Impurity  with  an 
assumed  density  of  3/gcc,  mixed  with  the  matrix  material. 


Material  fabricated  from  II1B;;(2)  with  initial  B/Hf  =  2.12  and 
added  Hf  to  adjust  the  overall  B/lIf  =  1.70  provided  dense  two  phase  specimens, 
metal  rich  diboride  and  a  cubic  phase  material.  Representative  photomicrographs 
in  Figure  2b  reveal  the  absence  of  the  above  etching  effect;  virtually  no  grain 
growth  was  observed. 

3,  Stoichiometric  Hafnium  Diboride 

Material  fabricated  from  HfB^(2)  with  initial  B/Hf  =  2.  12 
and  added  Hf  to  adjust  the  overall  B/Hf  =  2.20  provided  dense  specimens  of  the 
stoichiometric  diboride,  Crain  growth  was  not  observed,  A  representative 
photomicrograph  is  shown  in  Figure  3, 

4.  Metal  Rich  Hafnium  Diboride  with  Silicon  Additive 


Material  fabricated  from  HfB2(2)  with  initial  13  / 1  If  =  2.  12  and 
added  Hf  and  Si  to  adjust  the  overall  B  +  Si/Hf  =  1.95  (HfBj  ^Sig  25^’  Provi^ecl 
dense  two  phase  specimens.  X-ray  diffraction  indicated  the  absence  of  elemental 
silicon  and  the  presence  of  the  diboride.  Several  unexplained  lines  were  noted. 

A  representative  photomicrograph  is  shown  in  Figure  4. 
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Etched  X500 

Etchant:  Modified  Aqua  Regia 


Figure  I  -  Boron  Rich  Hafnium  Diboride  Fabricated  from  HfB  (2),B/Me 
2.12,  Characterization  No,  29-2  Oxidation  No.  XvIII  -  45 
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Etchant:  Modified  Aqua  Regia 

Note:  Etching  Effect  Characteristic  of  this  Metal  RichHfBp. 

Figure  2a  -  Metal  Rich  Hafnium  Diboride  Fabricated  from  HfB  (2A), 

B/Me  =  1*88,  Characterization  No.  38-4  Oxidation  No. 

xvrn  -  49 


Ac  Polished  X500 


Figure  2b  -  Metal  Rich  Hafnium  Diboride  Fabricated  From  HfB_(2)  + 
Hf,  B/Hf  =  1, 70>  Characterization  No,  A16-3  Oxidation 
No.  XXI  -  11 
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Etched  X500 

Etchant:  Modified  Aqua  P.egia 


Figure  3  -  Stoichiometric  Hafnium  Diboride  Fabricated  From 
HfB„(2)  +  Hf,  B/Hf  =  2.  0*  Characterization  No,  A4-1 
Oxidation  No,  XIX  -  38, 
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Etched  X500 

Etchant!  lOee  glycerine,  lOcc  HNO,, 

2cc  HCL,  0.  Ice  IiF 


Figure  4  -  Metal  Rich  Hafnium  Diboride  With  Silicon  Additive  Fabricated 
From  H£B  (2)  +  Hf  +  Si,  HfB  ?Si 

Characterization  No,  A.19-5  ’  "  Oxidation  No,  XXI-1 
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Etched 

Etchant:  Modified  Aqua  Regia 


•Y  ■. 

X50U 


Figure  5 


Metal  Rich  Zirconium  Diboride  Fabricated  From  ZrI3  (1), 
B/zr  =  1.89-  Characterization  No.  30-3  Oxidation  No. 
XVIII- 28 
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Etched 

Etchant:  Modified  Aqua  Regia 


X5U0 


Igure  6 


Metal  Rich  Zirconium  Diboride  Fabricated  From  ZrB?(P), 

B/Zr  =  1.97-  Characterization  No.  P5-5  Oxidation  No.  XX-17 
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Etched  X500 

Etchant:  lOee  glycerine,  lOee  HNO,, 

2cc  HCL.O.  lcc  HF 


Figure  7  -  Metal  Rich  Zirconium  Diboride  Fabricated  From  ZrB  (1)  + 

Zr,  B/Zr=  1,70>  Characterization  No,  A17-2  Oxidafuon  No. 
XX -47 
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Etched  X500 

Etchant:  lOcc  glycerine,  lOcc  HNO, 

?.cc  I-ICE,  0,  lcc  HF 


Figure  8  -  Boron  Rich  Zirconium  Diboride  Fabricated  From  ZrB_  (1)  +  B, 
B/Zr  =  2,1,  Characterization  No,  A22-1,  Oxidation  No,  XX1I-9. 
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Etched  X500 

Etchant:  10cc  glycerine,  lOcc  HNO „ 

2cc  HCL,  O.lcc  HF 


Figure  9  -  Metal  Rich  Zirconium  Diboride  With  Silicon  Additive 
Fabricated  From  ZrB^l)  +  Zr  +  Si,  ZrB^  ^  Si^  ^ 

Characterisation  No.  A21-3  Oxidation  No,  XXI-17. 
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As  Polished 


Typical  A.rea 


X500 


Figure  10  -  Boride  Z,  Zirconium  Diboride  Composite  Supplied  by 
Carborundum  Company. 


Top  Layer 


Initial  Layer 


Perpendicular  Cross  Section  to  Deposited  Layer 
Etched  X500 


r 


Parallel  Center  Section  of  Top  Layer  Parallel  Center  Section  of  Initial 
to  Deposited  Layer  Layer  to  Deposited  Layer 

Etched  X200  Etched  X200 

Etchant:  10  glycerine,  lOcc  HNO^,  2cc  HCL,0.  lcc  HP 

Figure  11  -  Pyrolytic  Zirconium  Diboride,  B/Zr  =  1,85  Supplied  by 
Raytheon  Company. 
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5. 


Metal  Rich  Zirconium  Diboride 


Material  fabricated  from  ZrlUtl)  as  received  with  B/Zr  =1.89 
provided  dense  two  phase  specimens,  metal  rich  diboride  and  less  than  four 
weight  percent  of  a  cubic  phase  material.  Grain  growth  was  not  observed. 

A  representative  photomicrograph  is  shown  in  Figure  5. 

Material  fabricated  from  ZrB2(P)  as  received  with  B/Zr  =  1.97 
provided  dense  specimens  which  were  primarily  metal  rich  diboride  with  less 
than  one  weight  percent  ZrO^.  A  fine  grain  specimen  is  shown  in  Figure  6. 

Material  fabricated  from  ZrB^fl)  with  initial  B/Zr  =1.89  with 
added  Zr  to  adjust  the  overall  B/Zr  =1.70  provided  dense,  fine  grain,  two  phase 
specimens,  metal  rich  diboride  and  a  cubic  phase  material.  A  representative 
photomicrograph  is  shown  in  Figure  7. 

6.  Boron  Rich  Zirconium  Diboride 

Material  fabricated  from  ZrB2(l)  with  an  initial  B / Zr  =  1.88  with 
added  boron  to  adjust  the  overall  B/Zr  =  2.  3.  provided  dense  two  phase  specimens, 
boron  rich  diboride  and  free  boron  in  the  as  hot  pressed  condition.  Considerable 
difficulty  was  encountered  in  attempting  to  pre-mix  the  powders.  The  resulting 
structure  is  shown  in  Figure  8. 

7 .  Metal  Rich  Zirconium  Diboride  with  Silicon  Additive 

Material  fabricated  from  ZrB;>(l)  with  initial  B/Zr  =1.89  and 
added  Zr  and  Si  to  adjust  the  overall  B  +  Si/Zr  =  1.95  (ZrB^  ^SIq  ^5)  >  provided 
dense  two  phase  specimens.  X-ray  diffraction  indicated  the  absence  of  elemental 
silicon  and  the  presence  of  the  diboride.  Several  unexplained  lines  were  noted. 

A  representative  photomicrograph  is  shown  in  Figure  9. 

8.  Boride  Z 

Boride  Z  supplied  by  the  Carborundum  Company  is  manufae lured 
as  a  hot  pressed  composite.  X-ray  examination  indicated  a  slightly  expanded 
zirconium  diboride  lattice  and  silicon  carbide.  Spectroscopic  analysis  showed 
the  presence  of  Zr,  13,  Si  and  a  small  amount  of  Mo.;  metallographic  examination 
revealed  the  presence  of  two  phases.  The  above  characterization  indicate  that 
Boride  Z  (as  received  from  Carborundum  in  this  shipment)  is  a  two  phase  com¬ 
posite.  The  major  component  is  zirconium  diboride  with  a  small  amount  of 
molybdenum  in  solid  solution  and  the  minor  component  is  silicon  carbide. 

A  representative  photomicrograph  is  shown  in  Figure  10. 

9.  Pyrolytic  Zirconium  Diboride 

The  Raytheon  Company,  Research  Division,  Waltham,  Mass, 
supplied  a  sheet  of  pyrolytically  deposited  ZrB£.  This  dense,  crack-free  rruiterial 
was  examined  metallographically  and  several  chemical  analyses  were  obtained. 

The  averaged  results  showed  80.  5  w/ o  Zr,  17.8  w / o  B,  B/ Zr  =  1 . 85. 
Representative  photomicrographs  are  shown  in  Figure  11. 
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V. 


SINTERING  CHARACTERISTICS  OF  ZrB,* 

A.  Introduction  and  Summary 

The  initial  study  of  the  sintering  behavior  of  zirconium  diboride 
followed  the  assumption  that  experimental  behavior  would  be  similar  to 
that  observed  for  titanium  diboride  (8).  The  objectives  of  the  study  were 
to  collect  suitable  data  for  interpreting  the  sintering  mechanism  and  to 
examine  the  treatments  required  to  achieve  high  sintered  densities.  The 
data  show  that  ZrB^  differs  from  TiB£  because  vaporization  does  not 
affect  the  sintering  kinetics  nor  control  the  limiting  densities. 

As  received  zirconium  diboride,  (ZrBj  gq),  was  the  principal 
material  used  in  the  investigation;  additional  compositions  were  examined. 
Also,  7,rhj  gg  samples  with  silicon  and  zirconium  carbide  were  prepared 
and  sintered.  It  was  anticipated  that  the  additives  would  provide  (1)  a  liquid 
phase  during  sintering,  and  (2)  an  inert  solid  phase  for  inhibiting  discon¬ 
tinuous  grain  growth.  Hafnium  diboride  was  sintered  at  two  temperatures 
to  determine  if  its  behavior  approximated  that  of  zirconium  diboride. 

Sintering  of  ZrB^  gg  at  the  highest  temperature  (2300°C) 
resulted  in  tungsten  contamination  in  some  of  the  specimens.  The  con¬ 
tamination  produced  a  liquid  phase  which  caused  more  rapid  sintering 
than  would  be  predicted  by  extrapolation  of  rates  observed  at  lower 
temperatures.  Also,  the  interaction  between  zirconium  diborido  and 
tungsten  caused  early  failure  of  the  tungsten  heating  elem  ents;  short 
firing  times  were  governed  by  element  failure. 

The  highest  sintered  densities  in  ZrBj  go  were  in  the  range 
of  98%  of  theoretical  density.  The  incorporation  of  excess  zirconium  to 
form  a  liquid  phase  permitted  sintering  to  densities  in  the  range  of 
theoretical  at  temperatures  lower  than  those  required  in  undoped  samples. 
Silicon  and  zirconium  carbide  additives  in  zirconium  diboride  effectively 
inhibited  'he  sintering  rate  with  the  additions  investigated.  Discontinuous 
grain  growth  was  not  inhibited  by  any  of  the  selected  additions.  Density 
was  limited  to  96%  of  theoretical  in  the  absence  of  discontinuous  grain 
growth. 


Most  of  the  sintered  specimens  of  ZrB^  go  contain  a  second 
phase.  From  examination  of  the.  photomicrographs,  it  is  concluded  that 
the  second  phase  forms  a  liquid  at  1:ho  sintering  temperatures.  Therefore, 
the  sintering  behavior  is  interpreted  in  terms  of  the  grain  boundary 
diffusion  model,  which  is  applicable  in  tin:  ease  where  the  volume  fraction 
of  a  liquid  second  phase  is  small. 


'  R.  L.  Coble  and  H.  A.  Hobbs,  Lexington  Laboratories,  Inc. 
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Zirconium  diboride  with  a  boron  to  zirconium  ratio  of  1.96 
and  a  higher  purity  than  the  1 . 89  ratio  material  was  found  to  exhibit 
grain  growth  and  densification  essentially  identical  to  ZrB^  gg.  The 
addition  of  zirconium  metal  to  ZrB^  g^  to  give  a  boron  to  zirconium  ratio 
of  1.70  increased  the  rate  of  densification.  This  observation  is  consistent 
with  the  much  lower  melting  point  of  zirconium  than  that  of  the  other 
phases  suspected  to  be  present  in  ZrB^  g^.  Samples  with  excess  zirconium 
were  sintered  to  high  density  at  1800°C'in  2  hours. 

The  occurrence  of  a  boundary  diffusion  mechanism  and  the 
applicability  of  a  boundary  diffusion  model  to  the  sintering  data  are 
supported  in  the  following  discussion.  The  plots  of  relative  density  on  a 
linear  scale  versus  the  logarithm  of  the  sintering  time  for  ZrB^gq  show 
essentially  linear  behavior.  For  a  lattice  diffusion  mechanism,  linear 
time  dependence  has  been  observed  for  the  sintering  of  aluminum  oxide  (  9) 
when  the  grain  size  varies  with  time  to  the  1  /  3  power.  This  explanation  — 
is  valid  if  the  grain  size  versus  time  to  the  1  / 3  power  curves  extrapolate 
back  through  zero  at  zero  time.  For  the  collected  data.,  the  grain  size  is 
linear  with  tl/3  and  extrapolates  back  through  the  initial  particle  size  of 
5  microns  at  zero  time.  However,  the  simple  direct  application  of  the 
1/3  power  time  dependence  for  a  lattice  diffusion  process  should  nut  lead 
to  the  observed  linear  relative  density  versus  log  time  plots.  For  the 
data  collected  on  ZrB^  gg,  the  occurrence  of  a  boundary  diffusion  mecha¬ 
nism  is  supported  by  a'linear  relation  between  relative  density  (to  the  3/2 
power)  versus  Linear  time  over  the  grain  size  to  the  fourth  power.  The 
calculated  diffusion  coefficients  appear  to  be  high;  however,  the  effective 
width  of  the  grain,  boundary  in  this  material  is  uncertain  since  knowledge 
about  the  volume  traction  liquid  phase  present  at  sintering  temperatures  is 
minimal.  Our  conclusion  that  zirconium  diborido  ZrBi  39  sinters  by  boundar 
diffusion  model  is  tentative  because  the  data  are  barely  sufficient  to  calculat 
diffusion  coefficients  and  independent  data  are  not  available  for  comparison. 

Hafnium  diboride  specimens  were  found  to  undergo  densification 
at  2100  C,  giving  relative  densities  only  slightly  less  than  those  achieved 
in  zirconium  diboride  at  equivalent  times  of  sintering.  The  hafnium  diborido 
contained  more  second  phase  than  did  the  zirconium  diboride,  and,  for 
the  heat  treatments  employed,  did  nut  exhibit  discontinuous  grain  growth. 

The  excess  second  phase  inhibits  normal  grain  growth,  as  well.  After 
firing  for  4  hours  at  2100  C,  the  average  grain  size  of  hafnium  'Ubnride 
is  approximately  two-thirds  the  size  observed  in  zirconium  diboi  ide. 

B .  Experimental 

1 .  Powder  Preparation 

Samples  were  prepared  from  both  as-received,  A.  R.  , 
zirconium  diboride  and  fluid-energy-m  illerl,  F.E.M.  ,  zirconium  diboride. 

A  photomicrograph  of  the  fluid-energy-milled  powder  is  shown  in  Figure  12. 
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Powder. 
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The  average  particle  size  from  this  dispersion  is  5  microns.  The  analysis 
of  this  powder  is  presented  in  Table  8  ,  where  zirconium,  boron,  tungsten, 
nitrogen,  oxygen,  and  carbon  contents  are  shown.  After  firing,  the  carbon 
and  oxygen  contents  are  reduced  although  the  oxygen  content  in  the  fired 
fluid-energy-milled  sample  is  three  times  that  in  fired  as-received  samples. 
The  B/Zr  ratios  do  not  change  significantly  after  grinding  or  firing. 

The  preparation  of  ZrB^_  7  was  achieved  by  adding  metallic 
zirconium  to  ZrB^gg.  For  the  samples  containing  silicon,  excess  zirconium 
was  added,  giving  a  net  formula  of  ZrfB,  Si)^  gq.  The  ZrBj  <37  and  ZrC 
were  prepared  by  fluid-cnergy-milling.  These  powders  were  handled  by 
procedures  which  were  found  to  be  appropriate  for  ZrBj  gq.  No  chemical 
analyses  were  determined  since  it  was  assumed  that  the  contaminations 
would  have  been  equivalent  for  ZrBj  gq,  as  given  in  Table  8  .  The  hafnium 
diboride  was  used  as  received. 

2.  Pressing 


Samples  were  pressed  with  a  binder  of  polyvinyl  alcohol 
in  water  solution;  the  procedure  for  incorporating  the  binder  has  been  de¬ 
scribed  previously  ( 8  ) ,  Samples  were  pressed  at  24,  000  and  70,000  psi. 
The  green  density  of  the  pellets  pressed  at  70,  000  psi  varied  from  3.75  to 
4.03  g/c.in®,  giving  approximate  relative  densities  of  62%  for  the  initial 
density  of  the  majority  of  the  sintering  experiments, 

3.  Sintering 


All  samples  were  sintered  in  a  vacuum  furnace  which 
consists  of  a  rolled  tungsten  sheet  clamped  into  water-cooled  electrodes. 
The  furnace  has  been  described  in  a  previous  report  (8  ),  Samples  were 
either  suspended  through  an  upper  opening  of  the  tungsten  sleeve  or 
supported  on  a  pedestal.  The  temperature  of  the  specimen  was  read 
through  a  slot  in  the  rolled  sheet  with  an  optical  pyrometer.  Furnace 
pressure  was  typically  5  x  10"®  min  of  Hg  at  the  firing  temperatures. 

C.  Results 

Data  sheets  for  the  sintered  specimens  presented  in  Table  9 
show  forming  pressure,  the  as-pressed  density,  fired  density,  weight 
changes,  firing  times,  firing  temperatures,  grain  size,  and  porosity 
(determined  by  point  counts  and  lineal  analysis  of  photomicrographs).  The 
relative  density  of  samples  of  ZrBj  gq  sintered  at  temperatures  from 
2000  to  2300  C  is  plotted  linearly  against  logarithms  of  sintering  time 
in  Figure  13.  The  points  include  the  densities  measured  by  displacement 
in  xylene  as  well  as  those  determined  by  lineal  analysis.  The  data  scatter 
can  be  attributed  to  de.lamination  which  produces  erroneous  measurements 
in  displacement  densities,  and  to  pullouts  which  arc  difficult  to  distinguish 
from  pores  (in  low  density  specimens)  and  produce  errors  in  the  point 
count  measurements. 
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TABLE  8 

:R  SAMPLES  AND  FIRED  SPECIMENS 
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PROPERTIES  OF  DIBORIDE  SINTERING  SPECIMENS’ 
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The  relative  density  of  other  samples  is  plotted  in  Figure  14. 

The  ZrT>.  gq  samples  sintered  at  Z300  C  (Figure  13)  contained  tungsten. 

The  chemical  analysis  of  two  samples  arc  given  in  Table  8  .  The  relative 
densities  presented  in  Figure  13  for  specimens  fired  at  the  higher  tempera¬ 
ture.?  are  corrected  for  the  volume  fraction  and  density  of  tungsten  by 
assuming  a  contamination  of  6  weight  per  cent  tungsten.  Grain  size  data 
determined  by  point  counting  are  presented  in  Figure  15  ,  Polished  sections 
of  samples  containing  tungsten  arc  shown  in  Figures  16a  and  16b  in  the  as- 
polished  and  etched  conditions,  respectively.  The  etched  sample  reveals 
the  structure  of  eutectic  solidification.  The  pores  occur  inside  the  grains 
and  provide  evidence  for  discontinuous  grain  growth  in  this  sintering  cycle. 
Photomicrographs  of  sintered  specimens  are  presented  in  Figures  17 
through  27  for  various  samples,  and  for  sintering  temperatures  and  times. 

For  samples  with  the  shortest  sintering  times,  large  grains 
(25  microns)  exist  in  a  much  finer  grained  matrix,  as  in  Figures  17a  and  17b 
There  is  little  evidence  that  pores  have  been  trapped  inside  grains.  In  the 
etched  sample  (Figure  171),  the  grain  boundaries  appear  to  intersect  the 
majority  of  the  small  pores. 

In  ZrB^  gg  samples  fired  at  2100°C  for  one  hour,  2200°C  for 
4  hours,  and  2000  G  for  16  hours,  the  presence  of  a  second  phase  appears 
in  the  as-polished  photomicrographs,  (18a,  21a,  22a,  and  23a).  In  a 
sample  which  had  been  fired  for  6  hours  and  etched  (Figure  20b),  the 
presence  of  a  second  phase  is  denoted  by  the  corrugations  and  marked 
changes  in  the  etching  characteristics  of  given  boundaries.  The  large 
increase  in  average  grain  size  in  this  sample  and  the  presence  of  a  duplex 
structure  (Figure  ?Cb)  show  that  the  sample  experienced  discontinuous 
grain  growth. 

Iu  Figure  15,  the  minimum  grain  size  (17  microns)  for  the  6 
hour  sample  was  measured  in  the  fine  grained  matrix,  and  the  maximum 
grain  size  for  secondary  grains  was  of  the  order  of  80  microns.  For  the 
ZrBi  .yg  sample  sintered  two  hours,  the  majority  of  pores  were  intersected 
by  grain  boundaries,  however,  for  the  6  hour  specimen  pores  were  entraped 
in  larger  secondary  grains.  The  behavior  of  samples  fired  at  2000  C  was 
essentially  identical  to  that  observed  at  2100  G.  The  change  in  the  time 
at  which  discontinuous  grain  growth  occurred  was  consistent  with  the 
change  in  the  kinetics  due.  to  temperature.  The  general  features  of  the 
microstructures  at  equivalent  densities  remain  the  same  and  are  inde¬ 
pendent  of  temperature. 

It  is  concluded  that  a  second  phase  was  present  at  all  sintering 
temperatures.  The  grain  structure  shown  in  Figure  20b  (linear  boundaries 
of  larger  grains  tire  intersected  by  boundaries  of  other  grains  without  an 
observable  deviation  in  the  intersected  boundaries)  would  require  that  a 
liquid  phase  be  present  at  the  sintering  temperature.  If  no  additional 
phase  were  present,  the  included  angle  of  intersection  must  be  less  than 
180  ,  Therefore,  there  is  evidence  that  a  second  phase  exists  in  the 
structure  and  that  the  second  phase  was  present  as  a  liquid  at  the  sintering 
temperatures . 
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Figure  16a  ,  .FEM  £rB ^  89  Fired  at  2300°C  for  32  Minutes 
(400X,  Unetehed). 
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Figure  17a. 


FEM  ZrBi.gq  Fired  at  2100°C  for  l/2  Hour, 
•lOOX,  Unetched. 
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Figure  18a.  FEM  ZrBx  RQ  Fired  at  2100°C  1  Hour, 
400X,  Unetched. 


Figure  18b,  FEiV  Z  rB  j  gc  Fired  at  2100°C  1  Hour, 
400X,  Etched  1 1-IF:  2HiN’03:  2  HzO. 
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Figure  19a.  FEM ZrBi ,89 Fired  at  2100°C  2  Hours, 
400X,  Uuetchcd. 
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i  igure  19o.  FEMZj  Bj  ygFireu  cil  2100nC  2  Hours. 

400X,  Etched  1HF :  2HN03:  2H20. 
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Figure  20a.FEMZrBj  gg  Fired  at  2100°C  f>  Hours, 
400X,  Unctched. 


Figure  20b.  FEM Zr B \  ggFired  at  2100°C  6  Hours, 
400X ,  Etched  1  HF:  2  HNOg:  2  H20. 
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Figure  21a.  FEM  ZrB1  Rg  Fired  at:  2200°C  for  4  hours 
400X,  Unetched. 
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Figure  21b.  FEM  ZrB1  8g  Fired  at  2200°C  for  4  hours 
400X,  Etched  1HF:  2HN03:  2H20 
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Figure  22a.  FEM  ZrB^  Fired  at  200D°C  for  16  hrs- 
400 X,  Unetched. 
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Figure  22b.  FEM  ZrB^^  g$  Fired  at  2000°C  for  16  brs. 
4-00X,  Etched  1HF:  2HN03  s  2H20 
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Figure  23a.  A .  R.  ZrB.^  g(_  Fired  at  2100°C  for  6  hours 
40 OX,  Unetched. 


Figure  23b.  A.  R.  ZrB,  __  Fired  at  2100oC  for  6  hours 
3  1.96 

400X,  Etched  1KF: 2HNO  : 2H_0 
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Figure  24a.  ZrB  _  Fired  at  1800°c  for  2  hours 

_L  •  • 

400X,  Unetched. 
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Figure  24b.  ZrB  Fired  at  1800°c  for  2  hours 

-L  •  / 


40 OX,  Etched  lHNCy  lH^SO  :  21-^0 
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Figure  25a. 


A.  R.  HfB^  Fired  at  2100°C  for  4  hours 
400X,  Unetched. 


Figure  25b.  A.  R.  HfB^  Fired  at  2100°C  for  4  hours 
40 OX,  Etched  1HF:2HN03:2H20 
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Figure  26a. 


Zr(B,  Si)  Fired  at  1500UC  for  2  hours 

j-  •  by 

400X,  Unetched. 


Figure  26b.  Zr(B,  Si)  Fired  at  1500°C  for  2  hours 

x  t  by 

400X,  Etched  IHFs  2HNC>3 :  2H20 
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Figure  27 . 


ZrBl  89  +  1  wt*  °/o  ~ZrC  Fired  at  2200°C  for 
4  hours,  Etched  HIT:  2HNC>3 :  2H00 
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The  densities  and  grain  sizes  of  ZrB^  gq  with  zirconium, 
silicon  and  zirconium  carbide  additives,  ZrB^  and  hafnium  diboride 

are  included  on  the  data  in  Figures  14  and  15  .  'these  specimens  were 
sintered  at  times  and  temperatures  where  the  densities  and  grain  size 
for  ZrBj  gq  were  known  becaus  e  a  survey  of  their  total  sintering  behavior 
was  not  planned.  It  can  be  concluded  that  for  ZrBj  HfB^,  and 

ZrBj  go  +  1%  ZrC  the  sintering  behavior  does  not  change  significantly 
from  "that  of  ZrB^  gq,  for  samples  containing  more  than  1%  ZrC,  the 
sintering  rate  was’  reduced  in  proportion  to  the  content  of  zirconium 
carbide.  Samples  containing  excess  zirconium  exhibited  a  sintering  rate 
much  higher  than  any  observed  for  ZrBj  gq;  these  samples  sintered  to 
high  density  at  1800  C  in  2  hours.  Simultaneous  additions  of  silicon  and 
zirconium  inhibited  the  sintering  rate  and  resulted  in  low  densities. 
Metallographic  examination  revealed  a  grossly  inhomogeneous  structure 
(Figure  26).  Large  particles  were  present  and  were  separated,  from  the 
general  matrix  by  cracks  and  the  included  second  phase. 


D.  Discussion 

The  mechanism  of  sintering  in  ZrB^gq  may  be  assessed  with 
the  data  now  available.  The  change  in  relative  density  as  a  linear  function 
of  log  time  (Figure  14)  appears  to  be  analogous  to  the  relation  observed  in 
aluminum  oxide  when  the  grain  size  increases  linearly  with  time  to  the  1/3 
power.  In  ZrB^  gq  the  grain  size  increases  from  the  initial  or  starting 
particle  size  as  time  to  the  1/3  power.  It  was  shown  that  the  linear  change 
in  density  with  logarithm  of  time  can  be  expected  only  if  the  grain  size 
extrapolates  through  zero  at  time  zero  on  a  linear  G  vs.  t1 '  ’  plot  (9).  An 
expression  derived  from  a  lattice  diffusion  sintering  mechanism  during 
the  intermediate  stage  of  the  process  is  given  as  Eq.  (1). 


N  D  yU 

dp  -•  { - ^ -  }  dt  (1) 

G  kT 
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=  relative  density 
=  constant  =  1.2  x  10 

=  lattice  diffusion  coefficient  of  the  rate  controlling  species 
=  the  surface  energy 

=  the  volume  of  a  molecule  of  ZrB^  (in  the;  lattice) 

=  Boltzmann's  constant 
=  Temperature 

—  1  \  t  n  e  l/3 

-  the  grain  size  =  (G  +  k^  t  ) 

=  initial  particle  size 

=  the  growth  rate  constant 


:;:Thc  constant  was  given  in  (9)  as  10>;  the  indicated  value  In  this  report  was 
calculated  by  converting  to  equivalent  spherical  grain  diameters,  G, 
ohtained  metallog  raphically , 
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Values  of  G  observed  from  Figure  15  do  not  change  significantly 
from  the  value  of  GQ  in  the  region  where  hi scontinuons  grain  growth  does 
not  occur;  therefore,  the  equation  cannot  be  simplified  for  integration.  For 
example,  the  grain  sizes  observed  prior  to  discontinuous  grain  growth 
increase  up  to  approximately  20  microns,  with  GQ  at  five  microns.  Values 
of  were  evaluated  from  Figure  15  .  For  three  temperatures,  2000°-2200°C 
an  exponential  relation  exists  with  an  activation  energy  of  154  kcal/mole. 

The  higher  growth  rates  at  2300  C  (where  tungsten  contamination  led  to 
rapid  densification  and  growth)  give  a  higher  k^  value  than  would  be  given 
by  the  extrapolation  of  the  behavior  observed  at  lower  temperatures.  The 
activation  energy  observed  for  growth  is  in  a  range  observed  for  other 
typical  refractories. 


For  sintering  by  a  liquid  phase  or  grain  boundary  diffusion 
mechanism,  the  expression  for  densification  during  the  intermediate  stage 
of  the  process  is; 


2.5x103Dj3  Wy  u 
G4  kT 


(2) 


where  is  the  boundary  diffusion  coefficient  and  W  is  the  boundary  width. 

Because  of  the  dependence  of  the  rate  on  grain  size,  temperature 
and  time  data  were  selected  at  three  grain  sizes  (Figure  15  )  and  the  relative 
densities  were  taken  from  Figure  13  for  analysis.  These  data  are  collected 
in  Table  10.  In  order  to  test  the  applicability  of  Eq.  (2),  relative  density 
(to  tilt;  3/2  power)  was  plotted  versus  time  over  grain  size  (to  the  fourth 
power)  in  Figure  28.  The  observed  linear  relation  supports  the  boundary 
diffusion  model.  It  is  noteworthy  that  the  grain  size  and  density  do  not 
vary  independently  with  temperature  (Table  10  ).  This  could  be  related  to 
control  <>f  grain  growth  by  porosity,  or  to  the  fact  that  both  are  controlled 
by  diffusion  at  the  boundary  region. 

Diffusion  coefficients  calculated  from  both  models  arc  presented 
in  Table  11.  The  calculated  lattice  diffusion  coefficients  are  approximately 
equal  to  the  value  (10"  ^  cm^/ser)  observed  for  most  refractories  at 
sintering  temperatures.  The  calculated  boundary  diffusion  coefficients  are 
dependent  on  the  assumed  value  for  the  boundary  width.  The  value  for  the 
boundary  width  (10  A)  is  based  on  the  results  for  the  nickel  activated  sintering 
of  tungsten  (10)  in  which  a  monolayer  is  sufficient  for  rapid  sintering.  The 
values  should  refer  to  diffusion  in  the  liquid  at  the  boundaries.  A  magnitude 
of  10_!l  ui/'/sec  is  in  the  range  for  diffusion  in  low  viscosity  liquids  (11).  The 
temperature  dependence  observed  is  difficult  to  interpret  because  the~solubility 
of  ZrB2  in  the  liquid  changes  with  temperature.  In  addition  to  a  change  in  the 
diffusion  coefficient  in  the  liquid,  the  change  in  solubility  would  also  affect 
the  rate  variation  with  temperature.  The  D0  value  is  —10^  cm^/sec  for 
lattice  diffusion  and  the  (D^WJy  product  is  ~  10?  cm^/sec.  The  D0  value  for 
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TABLE  10 


SELECTED  DATA  FROM  SINTERING  AND  GRAIN  GROWTH  CURVES 


Temp.  °C 

Grain  Size  {  p) 

- 1.89 

Time  (hours) 

Relative  Density 

2000 

10.2 

1.74 

0.71 

12 

4.  7 

0.8 

15 

14.7 

0.92 

2100 

10.2 

0.  39 

0.  67 

12 

0.  94 

0.  79 

15 

2.  58 

0.89 

2200 

10.2 

0.  125 

0.  72 

12 

0.  275 

0.  79 

l  5 

0.714 

0.89 

TABLE,  11 


DIFFUSION  COEFFICIENTS  CALCULATED  FROM  SINTERING  DATA 

p, 

1.89 


Temp.  (°C) 

/ sec  .  ) 

2000 

1 . 6  x  10“  10 

2  100 

9.7  x  10“ 10 

2200 

3  x  10“ 9 

W  (cm^/sec . ) 

DU(-C“ 

>7 

see  ,  ) 

-  14 

5. 4  x  10 

5 . 4  x 

10 

-7 

-  13 

3. 4  x  10 

3. 4  x 

10 

~6 

-  12 

1.05x10 

1  .05  v 

10 

-5 

*  Calculated  for  W 


10 


-7 


c  m . 


r'7 


lattice  diffusion  is  unreasonably  high;  again  this  mechanism  is  rejected.  The 
value  for  is  also  high,  but  the  unknown  change  in  solubility  with 

temperature  would  increase  this  quantity. 

The  sintering  of  ZrB^  is  tentatively  concluded  to  occur  by  a 
process  in  which  the  rate- controlling  step  is  diffusion  of  material  through  a  film 
of  liquid  at  the  grain  boundaries.  The  magnitudes  of  either  the  lattice  diffusion 
coefficients  or  the  boundary  diffusion  coefficients  at  the  sintering  temperatures 
are  in  acceptable  ranges;  the  process  could  occur  by  transport  involving  both 
diffusion  paths.  However,  the  time  dependence  for  densification  favors  the 
boundary  diffusion  model,  and  the  temperature  dependence  leads  to  a  Dq  value 
for  lattice  diffusion  which  is  too  high  for  an  intrinsic  diffusion  process. 
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VI.  OXIDATION  CHARACTERISTICS* 
A.  Introduction 


On  the  basis  of  the  experimental  work  performed  during  Part  I  of 
this  study  (1),  H£B2  and  ZrB2  were  selected  as  the  most  promising  of  the 
diborides  for  more  detailed  investigation.  Section  B  below  reports  on  the 
oxidation  behavior  of  these  materials  as  a  function  of  stoichiometry  and 
temperature.  In  addition,  limited  results  are  presented  concerning  the 
effect  of  oxygen  pressure,  gas  composition  and  flow  rate  on  the  oxidation 
behavior.  In  section  C,  the  principals  that  have  been  applied  in  the  past  to 
the  selection  of  alloying  elements  for  improvement  of  oxidation  resistance 
are  discussed  in  relation  to  HfB^.  Potential  alloying  elements  include 
metals  of  higher  valency  (Nb,  Ta,  Mo,  W,  Re),  metals  with  exceptionally 
stable  oxides  (Th,  Y,  La),  and  metals  which  might  result  in  ternary 
oxides  (Ca  or  Si).  In  Section  D,  thermodynamic  calculations  are 
presented  for  all  of  the  diborides  as  a  function  of  stoichiometry  to 
evaluate  the  possible  formation  of  I^O^fg)  with  a  vapor  pressure  above 
one  atmosphere  at  the  diboride /oxide  interface.  The  available  results  on 
I-TfR^,  7,rB2»  and  the  Carborundum  ZrB2~MoSi2  composite  are  summarized 
in  Section  E  and  the  oxidation  resistance  of  these  materials  as  a  function 
of  temperature  and  other  variables  are  compared. 

B.  Experimental  Results 

1.  General  Discussion 


During  this  period  previous  findings  (1,  12  and  13)  and 
calculations  on  the  oxidation  of  hafnium  and  zirconfum~3iboriHe  were  con¬ 
firmed  and  extended.  Experiments  were  designed  and  executed  to  test 
(1)  the  applicability  of  the  parabolic  rate  equation  for  HfB^  over  long  time 
periods,  (2)  the  effects  of  variable  stoichiometry  on  the  oxidation  of  both 
ZrB2  and  IifB^j  (3)  the  effects  of  alloying  additions  and  homogenization 
treatments  on  oxidation,  (4)  the  effects  of  gas  flow  rate,  arid  (5)  the  effects 
of  water  vapor  on  the  oxidation  of  HfB^  at  relatively  low  temperatures.  The 
specimens  used  in  most  of  the  present  experiments  were  prepared  by  high 
pressure  hot  pressing  as  described  in  Section  IV,  previous  specimens  had 
been  zone-melted  (] ,  12,  13),  In  addition  specimens  of  pyrolytic  ZrB2  pre¬ 
pared  by  J.  Pa2rpas~oflLxytEeon  and  "Boride  Z"  prepared  by  Carborundum 
were  studied. 


J.B.  Berkowitz**Mattuck,  Arthur  D.  Little,  Inc;  E.  V.  Clougherty  and 
L.  Kaufman,  ManLabs,  Inc. 
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2.  Experimental  Materials  and  Techniques 


A  summary  of  experimental  data  is  given  in  Tables  12  and  13, 

The  oxidation  technique  has  been  discussed  in  detail  elsewhere  (14,  15). 

In  brief,  cylindrical  sample  pellets,  approximately  300  mils  in  dlarneter 
and  100  mils  thick,  are  degassed  in  helium  at  a  temperature  100  higher 
than  that  planned  for  the  oxidation  run.  Degassing  is  continued  until 
permanent  gas  evolution,  as  monitored  by  the  thermal  conductivity 
apparatus,  has  ceased  (usually  20-30  minutes).  The  degassed  pellet 
is  inductively  heated  in  a  helium-oxygen  mixture  flowing  at  about 
3  cm/ sec  in  the  neighborhood  of  the  samples.  The  rate  of  oxygen 
consumption  is  monitored  continuously  by  means  of  a  thermal  conductivity 
bridge  that  compares  the  oxygen  concentration  in  the  gas  stream  before 
and  after  reaction.  The  parabolic  rate  constants  in  the  last  column  of 
Table  12  are  given  in  terms  of  total  oxygen  consumption  i.  e.  ,  the 
amount  of  oxygen  in  all  of  the  product  oxides,  volatile  and  non-volatile. 

The  base  line  drift  in  experiment  (1)  on  Hfl^  was  traced  to  temperature 
fluctuation  in  the  air  bath  surrounding  the  thermal  conductivity  cell. 

Modification  of  the  insulation  and  temperature  control  circuit  has  rendered 
the  apparatus  more  stable  and  easier  to  operate. 

Table  13  contains  a  description  of  the  specimen  fabrication 
in  addition  to  some  measurements  of  the  specimen  dimensions  after  oxidation 
treatment.  These  measurements  were  obtained  by  post  mortem  metallography 
which  will  be  described  below.  Details  of  the  fabrication  are  given  in  Section  IV. 

3.  Results 


3. 1  Long  Term  Oxidation  of  Hafnium  Diboride 

In  experiment  (2),  IlfB^  was  oxidized  for  six  hours  to  test 
the  applicability  of  the  parabolic  rate  law  lor  long  term  exposures.  The 
results  are  plotted  in  Figure  29  as  the  square  of  the  Lutal  oxygen  consumption 
vs.  time.  The  parabolic  rate  law  holds  to  a  good  approximation.  Some 
deviation  is  seen,  in  that  the  observed  rate  constant  drops  slightly  with  time. 
Hence,  after  long  exposures  the  actual  rate  of  oxygen  consumption  may  be 
smaller  than  the  extrapolated  rate.  From  Figure  29,  a  parabolic  rate 
constant  of  1,  12,  x  10"°|^/cm  «min  is  calculated;  this  is  to  compared 
with  1.18  x  10**”  g^/cm“*-min  obtained  previously  (12)  over  a  two-hour  period. 
At  the  same  temperature  pure  hafnium  displays  breakaway  behavior  after  a 
few  minutes  (16). 


Table  13  contains  information  on  the  initial  and  final 
dimensions  of  this  specimen  which  indicate  virtually  no  change  in  dimension. 
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Specimen  reacted  with  all  ox  the  oxygen  supplied.  Hence,  these  experiments  were  diffusion  controlled  and 
he  k  values  shown  are  lower  limits. 
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TABLE  13 


IDENTIFICATION  OF  SPECIMENS  AND  SUMMARY  OF  DIMENSIONAL 

CHANGES  DURING  OXIDATION 


Boride 


'2.035 
;2. 035 
.2.035 


^r;b’.  30 

Hf B  ' 

HfB1*®? 

HfB£*f° 

HfB  ■ 

H£B2.’  12  +  Hf 


HfB  +  Ta 
ZrBi.89 

HfB2'035 

“Sz.035 


Pellet  Fabrication 


Initial 

height 

h  (mils) 
o 


F  inal 
height 
h^(mils) 


2rBl.  89Sl  0.  05 


HfB, 

?fl89 

ZrB1.97 


XVIII-1 2  Zone  Refined 
XVIII-1 6  Zone  Refined 
XVIII-24  Zone  Refined 
XVIII-28  Hot  Pressed  from 
raw  powder 
B/Me  =1.89 

XVIII-33  Same  as  XVIII-28 
XVIII-35  Same  as  XVIU-28 
XVIII-39  Same  as  XVIII-28 
XVIII-41  Same  as  XVIH-28 
XVIII-45  Same  as  XVIII-28 
XVIII-49  Same  as  XVIII-28 
xrx-l  Same  as  XVIII-28 
XIX-9  Hot  Pressed  from 
raw  powder,  Hf 
added  for  B/Me  =  2.  00 
No  Homogenization 
XIX-14  Same  as  XIX-9 
XIX-18  Hot  Pressed  from 
raw  powder 

XIX-2i  Zone  Refined 
XIX-24  Zone  Refined 
XIX-27  Hot  Pressed 

XIX-31  from  raw  powder 

XIX-34  Same  as  XIX-18 

XIX-38  Hot  Pressed  from  2, 12 
powder  with  Hf  added 
for  B/Me  =2.00 
Homogenized 

XIX -42  Hot  Pressed  from  raw 

powder  with  B/Me  = 
1.89  with  Si  added. 
Homogenized 

XIX- 47  Same  as  XIX-38 

XX-  1  Same  as  XIX-18 

XX-4  Hot  Pressed  from 

purified  powder 
XX-9  Same  as  XX-4 

XX-13  Same  as  XVIII-49 

XX-17  Same  as  XX-4 


Area  Conversion* 
Ratio  Meas.  Calc. 
A  / A,)  7m il s )  (mils’ 


mo/ 

1.00  0.0  1.8(1) 

1.76  29.5  14.5(4) 


5.5  2. 4(4) 

in  ^  ?<a\ 


39 

2.21 

35.  5 

25.9(1) 

73 

1.47 

19.5 

22. 0(1) 

67 

1.  61 

22.0 

34.  2(4) 

- 

- 

- 

- 

61 

1.72 

25.0 

32. 2(3) 

- 

- 

- 

- 

68 

1.51 

21.0 

31.1(5) 

64 

1.48 

19.0 

20.  6(1) 

59 

1.71 

25.  5 

21.8(1) 

The  number  in  parentheses  following  d^  indicates  the  number  of  different  conditions 
the  specimen  was  exposed  to.  Details  are  given  in  Table  (12). 


TABLE  13  (CONT'D.) 

IDENTIFICATION  OF  SPECIMENS  AND  SUMMARY  OF  DIMENSIONAL 

CHANGES  DURING  OXIDATION 


Boride 

Pellet 

Fabrication 

Initial 

height 

Final 

height 

Area 

Ratio 

Conver  sionv 
Meas.  Calc. 

HfB9  19 

XX-21 

h  (milo) 
o 

Hot  Pressed 

i  / _ t  1  _\ 

no) 

{A  / A.) 

*  o  r 

(mils) 

(mils) 

HfBi  a a 

ZrB1'70 

ZlBl.  75 

ZrBl . 75 

XX-32 

from  raw  powder 

- 

- 

- 

- 

- 

XX -3  6 

Hot  Pres  sed  from  2.12 

105 

'  94 

1.10 

5.5 

3.1(3) 

XX -40 

powder,  Hf added 
Homogenized 

Same  as  XX-36 

XX -42 

Hot  Pressed  from  1.89 

87 

47 

1. 55 

20.0 

20.4(4) 

XX -47 

powder,  Zr  added 
Homogenized 

Same  as  XX-42 

101 

37 

2.04 

32. 0 

22.3(1) 

HfBi .  7Sl0.  25 

XXI-1 

Si  added  to  XX-36 

- 

- 

— 

- 

HfBl .  7Sl0. 25 

XXI-5 

Si  added  to  XX-36 

- 

- 

— 

— 

/  t  1  1  1  _ ,  D  l_  M  . - . 

XXT-7 

Si  added  to  XX-42 

102 

102 

1.00 

0.0 

0.  0(3) 

1.7  0.25 
H£B  1.70 

XXI-1 1 

Same  as  XX-3  6 

106 

68 

1.47 

19.  0 

16.4(1) 

HfB  1 .  7Sl0. 25 

XXI-1 4 

Same  as  XXI-1 

- 

— 

— 

ZrB.,  in 

XXI-19 

Hot  Prcsscdfrom  1.89 

no 

55 

1.80 

27.  5 

36,5(4) 

Z .  lu 

ZrB1.7Sl0.25 

XXI-1 7 

powder,  Boron 
added;  Homogenized 
Same  as  XIX -42 

109 

98 

1.10 

5.5 

12.6(4) 

IICB2  12 

XVT.II-45 

Same  as  XVIII-28 

98 

49 

1.71 

24.5 

40.1(4) 

XVIII-41 

Same  as  XVIII-28 

- 

- 

- 

- 

- 

XXI-34 

Same  as  XVIII-41 

104 

63 

1.38 

20.  5 

- 

ZrB?' 

XXI-37 

Same  as  XVIII-41 

105 

61 

1.57 

22.  0 

21. 6(1) 

XXI-40 

Same  as  XXI-19 

- 

- 

- 

- 

XX 1-42 

Same  as  XXI-19 

- 

- 

- 

- 

- 

HfBl  88 

XXI-46 

Same  as  XXI-19 

- 

- 

— 

— 

— 

S’jf0*25 

ZrB'./  ,,, 

XXI-50 

Same  as  XXI-1 7 

- 

- 

- 

- 

XXII- 1 

Same  as  XX -36 

98 

43 

1.83 

27.5 

35.5(4) 

XXIT-6 

Same  as  XXI-19 

- 

- 

- 

- 

- 

/‘r'b2.  10 

XXII-9 

Same  as  XXI-19 

" 

- 

- 

- 

- 

ZrBl . 85 

ZrSi 

XX 11=  1 2 

Pyrolytic  Material. ' 

87 

57 

1.37 

15.0 

9.5(1) 

X IV  -  3  5 

prepared  by  Raytheon 
Zone  Melted  by  ADL 

_ 

- 

- 

- 

- 

ZrBl . 85 

XX II- 16 

Same  as  XXII- 12 

86 

70 

1.11 

8.0 

255.7(4) 

*  The  number  in  parentheses  following  dc  indicates  the  number  of  different  conditions 
the  specimen  was  exposed  to.  Details  are  given  in  Table  (12). 
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/CM  OF  OXYGEN  CONSUMED  X  10 


Figure  29  -  Long  Term  Oxidation  of  HfR^,  1758°K,  =40,7  Torr, 
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3 . 2  The  Effect  of  Water  Vapor  on  the  Oxidation  of  Diborides 

As  indicated  in  the  last  report,  the  effect  of  water  vapor 
on  the  oxidation  of  borides  should  be  to  accelerate  the  rale  of  vaporization 
of  BpO^s  or  1)  since  (HBC^^Cg)  is  much  more  volatile  than  .  If  the 

temperature  is  sufficiently  high  so  that  B2O3  vaporizes  as  rapidly  as  it 
forms,  then  water  vapor  should  not  influence  the  over-all  oxidation  rate. 

If,  on  the  other  hand,  the  temperature  is  sufficiently  low  so  that  the  rate 
of  vaporization  of  B2O3  is  negligible  under  normal  oxidizing  conditions, 
water  vapor  should  enhance  the  vaporization  of  B2O3,  and  hence  cause  an 
increase  in  the  observed  net  rate  of  oxidation.  Comparing  the  results  of 
pellet  XVIII-24  and  XIV-21  in  Table  12  shows  that  at  1206°K  with  19.9 
torr  oxygen  gave  k__  =1,9  x  10~9g2/cm4mj.n  whereas  the  same  material 
at  the  same  temperature  and  pressure  of  oxygen  but  with  added  water 
vapor  (4.  6  torr)Xgave  kpp  =  o.O  x  10“9 g^/em’m in.  These  results  provide 
direct  experimental  verification  of  the  enhanced  oxidation  rate  of  HIB2 
in  the  presence  of  water  vapor.  Two  additional  experiments,  not  tabulated 
herein,  showed  the  absence  of  a  water  vapor  effect  in  the  oxidation  of 
HfB2 ai  higher  temperature.  The  rate  of  oxidation  at  1760°K  at  19  torr 
oxygen  and  5  torr  water  in  helium  was  identical  to  the  rate  of  oxidation 
at  19  torr  oxygen  in  helium. 

3,3  The  Effect  of  Stoichiometry  on  Lite  Oxidation  of  HIB ^ 

The  effect  of  boron  to  metal  ratio  on  the  oxidation 
characteristics  of  HfB^  is  shown  graphically  in  Figures  30  and  31.  The 
full  curves  for  k  vs.  T  are  based  on  the  results  obtained  earlier  (l_)with 
zone  refined  specimens.  The  break  occurs  at  about  the  monoclinic  to 
tetragonal  transition  temperature  for  HfC^.  In  the  present  study,  specimens 
were  prepared  by  hot  pressing  from  two  batches  of  "raw"  hafnium  diboridc 
powders  corresponding  to  B /Me  =  1 . 88,  batch  2 A,  and  B /Me  =2.12,  batch  2, 
(sec  Section  IV).  In  addition,  specimens  were  prepared  by  adding  hafnium 
to  batch  2  in  order  to  adjust  B/Me  »  2.00.  Pellets  numbered  XIX. -38  and 
XDC-47  were  homogenized  to  insure  solution  of  the  Hf  addition  by  holding  at 
1500°C  for  twenty-four  hours.  Subsequent  metaliographic  examination 
showed  no  evidence  for  pure  hafnium.  Pellets  XIX -9  andXIX-14  which 
were  not  homogenized  showed  undissolved  patches  of  Hf  and  Ta,  Specimens 
corresponding  to  B/Mo  =  1.70  were  also  prepared  by  hafnium  additions  to 
B/Me  =2.12  powder  (see  Section  IV  for  details). 

The  effect  of  stoichiometry  on  the  oxidation  of  HfB2  is  shown 
quite  clearly  in  Figures  31  and  32.  On  the  average,  the  rate  constants  for 
metal  rich  hafnium  diboride  specimens  lie  below  the  lines  drawn,  while  the 
rate  constants  for  boron  rich  specimens  lie  above  the  lines.  For  example, 
at  1550°K,  1800°K,  1900°K,  and  2000°K  the  value  of  kp  for  B/Me  =2.12 
is  larger  than  that  for  the  B/Mo  =  1.88  specimens.  Moreover,  additions 
of  hafnium  to  the  2.  12  material  are  seen  to  lower  the  value  of  k  . 
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The  relation  between  oxygen  consumption  and  conversion 
of  the  diboride  to  oxides  has  been  discussed  previously  (1).  Briefly,  if 
the  diborides  of  interest  oxidize  stoichiometrically  according  to  a  relation¬ 
ship  of  the  form: 


MeB-,  +  ^  MeO^  +  B^O^ 


(1) 


where  Me  s  Zr,  Hf,  the  parabolic  rate  constant  for  oxygen  consumption, 

kpp  g'Vcm^-min  is  related  to  the  parabolic  rate  constant  for  alloy  consumption, 

kpV  enr/min  bv  the  equation: 

25Mo 

k  =  (k  )  (pM  R  )  tjz -  ^ 

PP  Px  MeB2  MMeB2 

where  p  .  . .  „  is  the  density  of  the  metal  diboride  and  M..  „  is  the  molecular 

^MeB^  7  MeB^ 

weight  of  MeB^  and  M  is  the  molecular  weight  of  oxygen.  Thus,  for  both  HfB^  and  Zr  IV, 

(3) 


k  (gms^/cm  Snin)  =  20  k  (cm^/min) 
pp  px  '  ' 


based  on  the  volumetric  data  given  in  Section  IX.  Thus  Eqs.  (1-3)  imply  that 


d2  =  kpxt  (4) 

where  d  is  the  average  depth  of  boride  converted  to  oxide  in  a  time  t.  If  d  is 
in  cm  and.  t  in  minutes,  then 

,2  .  2,  (gm2/ c.m^min)  ,  ,  .  , 

d  (cm  )  -  -PP-tii — 2?;— - -  t  (ram)  (5) 

If,  on  the  other  hand,  d  is  in  mils  and  t  in  hours,  then 

d2  (mils2)  =  4,8  x  10'"’  k  ( gm 2 / cm ^m in)  t  (hr)  (6) 

PP 


Eq,  (6)  has  been  used  to  compute  the  k__  levels  cor- responding  to  various 
conversion  depths  based  ou  one  hour  parabolic  oxidation  shown  on  the 
ordinates  of  Figures  30  and  31.  It  is  apparent  that  at  the  highest  temperatures 
sufficient  conversion  to  alter  the  area  of  the  specimen  will  occur  in  one  hour 
which  corresponds  to  the  time  used  in  many  experiments.  In  order  to  verify 
this  fact  and  assess  its  influence  on  the  k__  values  shown  in  Table  12  (which 
were  computed  on  the  basis  of  initial  areas)  the  specimen  disks  were  measured 
by  macrophotographic  techniques  after  oxidation  exposure. 
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Figure  32  shows  a  cross  section  of  pellet  XXII“1.  The 
initial  thickness  (see  Table  13)  was  98  mils}the  thickness  after  oxidation 
43  milSj corresponding  to  a  total  depth  of  diboride  conversion  of  27,5  mils 
on  each  surface.  This  conversion  may  be  compared  with  a  computed  depth 
of  conversion  of  35.  5  mils  which  is  obtained  by  using  Eq,  (6)  and  the 
values  of  k^  and  time  given  in  Table  12.  The  computation  has  been 
performed  Tor  approximately  twenty  different  experiments  shown  in 
Table  13  with  good  agreement  between  measured  conversion  depths  and 
depths  computed  on  the  basis  of  k_p  as  tabulated.  In  some  cases,  it 
was  possible  to  measure  the  change  in  height  and  the  change  in  diameter. 
This  is  illustrated  in  Figures  33  and  34  showing  pellet  XXI1-16  which  was 
first  ground  to  display  the  final  height  of  70  mils  corresponding  to  an 
eight  mil  conversion,  and  then  ground,  to  display  the  final  diameter  of 
275  mils  corresponding  to  an  8.5  mil  radial  conversion  depth.  As 
anticipated,  both  radial  and  height  conversions  are  equal.  The  measured 
initial  and  final  height  given  in  Table  13  yield  values  of  cl  which  in  turn 
can  be  used  to  compute  the  ratio  of  final  area  Af  to  initial  area  Aq.  As 
expected,  experiments  performed  at  temperatures  below  2000°K,  where 
kpp  is  less  than  10“^  produce  little  or  no  change  in  area.  At  higher 
temperatures  and  higher  values  of  k  »  significant  changes  in  area  occur. 
For  example,  for  a  pellet  having  a  diameter  D0  and  a  height  equal  to  ho, 
the  final  area  A£  is  given  by  Eq.  (7)  as  a  function  of  time  as 

A.  =  A  -  27T  (2D  +  h  )  (k  t)l/2+67Tk  t  (7) 

f  o  o  o'  '  px  px 


For  Dq  =  300  mils  and  hQ  =100  mils,  this  yields 


VAo  = 


1  -  13 


1/2 


+  40 


k  t 
PP 


Eq.  (8)  yields  area  ratios  of  1.04,  1.14  and  1.56  at  kpp  =  10~  ,  10  ^  and 
respectively  after  one  hour.  On  this  basis,  the  "area  correction"  to  k  i 
negligible  for  values  of  kpp  less  than  or  equal  to  10"^:gm'’/cm^niin.  For 
values  of  kpp  equal  to  10^a  the  correction  might  correspond  to  a  factor  of 
two  at  the  most;.  Examination  of  the  individual  oxygen  consumption  vs.  time 
curves  recognizing  the  changes  in  area^does  not  indicate  departures  from 
parabolic,  behavior  at  levels  of  10“^. 


\-4 


(8) 

1(1" 

's 


Figures  30  and  31  show  a  transition  in  k  at  about  2000°K 
which  was  previously  associated  (1)  with  the  phase  transformation  temperature 
observed  in  HfO,.  While  the  slope"  of  the  high  temperature  log  kp  vs.  1/T 
curve  shown  in  Figure  30  is  probably  too  large  there  seems  to  be  a  definite 
change  in  behavior  on  crossing  2000  K.  This  change  is  also  evident  in  the 
post-mortem  metallographic  appearance  of  the  oxide.  Figure  32  shows  a 
specimen  oxidized  above  the  transition  which  exhibits  a  distinctly  columnar 
oxide.  Figure  35  shows  an  oxide  layer  formed  on  pellet  XX-36  which  is 
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As  polished  X50 


1  igure  32  -  Pellet  XXII  -  1,  IlfB^yp,  After  Oxidation  for  133  Minutes 

at  2020°K  and  111  Minutes  at  2120°K.  Initial  Height^  98  Mils, 
Final  Height-:  43  Mils,  Depth  of  Conversion  27.  5  Mils. 
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As  polished 


X50 


Figure  33  -  Pellet  XXII  -  16,  Pyrolytic  ZrB^  35,  After  Oxidation  at 
1897°K.  Initial  Height  86  Mils,  #inal  Height  70  Mils, 
Depth  of  Conversion  =  8  Mils, 


As  polished  (polarized  light)  X20 


Figure  34  -  Pellet  XXII  -  1A,  Pyrolytic  ZrB^gg,  After  Oxidation  at 

1897°K,  Initial  Diameter  292  Mils,  Final  Diameter  275Mils, 
Depth  of  Conversion  =8,5  Mils, 
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Etched  X200 

Etchant:  lOcc  glycerine,  10 cc  HNo 
2cc  HC1,  O.lcc  HF 


Figure  35  -  Pellet  XX  -  36,  HfBu?0  After  Oxidation  at  1900°K. 
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As  polished 


XI 2.  5 


Figure  36  -Pellet  XXI  -  11,  After  Oxidation  at  2!78°K. 
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Etched  XI 00 

Etchant:  lOcc  glycerine,  10  ce  IINO^ 

2cc  1-101,0.1  ce  HF 


igure  37  -Pellet  XXI  -  11,  IlfB.  „  After  Oxidation  at  2178°K, 

1  «  (  V> 
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Hf B  1,70  as  was  XXII-1  shown  in  Figure  32.  However,  this  specimen  was 
not  oxidized  above  1900°K,  It  shows  a  non- columnar  oxide.  Another 
illustration  is  shown  in  Figures  3  6  and  37  which  are  photomicrographs  of 
pellet  XXI-1 1  which  was  oxidized  at  2178°K  for  45  minutes.  The  oxide 
surrounding  the  sample  is  distinctly  columnar  except  for  one  region  in 
which  a  reaction  Occurred  between  the  iridium  finger  holding  the  specimen 
and  the  diboride.  Examination  of  Figure  3  7  shows  a  transition  in  the  oxide 
from  columnar  to  non- columnar.  Figure  38  is  particularly  interesting 
since  it  shows  the  result  of  oxidizing  a  specimen  (pellet  XIX-38)  at 
temperatures  below  the  transition  and  subsequently  above  the  transition. 

This  sample  shows  a  columnar  "outer  oxide"  on  a  non- columnar  inner 
oxide.  This  may  imply  formation  of  the  non-colurnnar  oxide  by  outward 
diffusion  of  hafnium. 

Figures  39-45  show  mctallographic  comparisons  of  the 
matrix  areas  of  HfBg  specimens  before  and  after  oxidation.  Figures  39 
and  40  show  pellet  XXI-11,  HfBi  before  and  after  oxidation  at  2178  K. 

Pellet  XX-36  which  was  oxidized"  at  1900°K  exhibits  a  microstructurc  similar 
to  Figure  40  which  illustrates  non-uniform  grain  growth  and  no  porosity. 

The  microstructural  changes  which  occurred  in  the  HfBi  gg  specimens  are 
shown  in  Figures  41  -44.  Pellet  XVII1-49,  Hf B l , 8 8 >  *-s  skown  before  and 
after  oxidation  at  1850  K.  Little  change  in  microstructure  occurs  at  this 
temperature.  However,  heating  HfBj  gg  to  higher  temperatures  was  found 
to  result  in  grain  growth  and  void  formation  or  porosity  in  some  cases. 

For  example,  Figures  43  and  44  show  the  microstructurc  of  pellet  XIX-31 
before  and  after  oxidation  at  2179  K,  This  sample  had  a  finer  grain  size 
than  did  pellet  XV 111-49.  The  microstructure  resulting  from  high  temperature 
oxidation  exhibits  grain  growth  and  void  formation.  Figure  45  on  the  other 
hand  which  reveals  the  microstructurc  of  pellet  XXI-37  after  oxidation  at 
2164  K  does  not  indicate  extensive  void  formation.  The  initial  microstructurc 
(prior  to  oxidation)  was  similar  to  Figure  43.  Consequently  this  specimen 
also  exhibited  grain  growth.  The  microstructural  changes  which  occurred 
in  the  boron  rich  material  are  illustrated  in  Figures  46  and  47  which  show  a 
pellet  XVIII-45  before  and  after  oxidation  at  2118  K.  No  gross  changes  in 
grain  size  or  porosity  appear  to  be  evident. 

3.4  The  Effect  of  Stoichiometry  on  the  Oxidation  of  ZrB-, 

The  effect  of  boron  to  metal  ratio  on  the  oxidation  charac¬ 
teristics  of  Zr.B^  is  shown  graphically  in  Figures  47  and  48.  The  full  curve 
is  based  on  results  obtained  earlier  with  zone  refined  material.  (1).  The 
break  in  the  parabolic  rate  constant  occurs  at  about  1450  K  where  the  mono¬ 
clinic  /tetragonal  transition  occurs  in  ZrOg.  I11  addition,  the  rate  of 
vaporization  of  changes  rapidly  with  temperature  in  this  range  (see 

discussion  below).  The  specimens  of  ZrB^  were  prepared  from  raw  powder 
with  a  boron/metal  ratio  of  1.89.  Additions  of  zirconium  to  form  B/Mc  =  1.75 
or  boron  to  form  2. 10  were  also  tested  (see  Section  IV  for  details).  In  addition 
to  the  raw  1.89  powder,  a  purified  batch  of  ZrB,  powder  with  B/Me  =1.97 
was  also  employed  for  fabricating  specimens,  fhe  results  are  shown  in  Table  12 
and  13  and  in  Figures  47  and  48.  'With  ZrB^,  as  discussed  ?5nve  for  HfB^, 
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Etched  X500 

Etchant; lOcc  glycerine, lOcc  HN O  , 

?.c.c.  HCl,  0.  Ice  HF  3 


Figure  39  -  Pellet  XXI  -  11,  Hf B ^  Matrix  Structure. 


Etched  X500 

Etchant;  10 cc  glycerine,  10 cc  HNCh 
2cr.  HCl.O.lccHF 

Figure  40  -  Pellet  XXI  -  11,  HfB.  Matrix  Structure,  After  Oxidation 
at  2178°K.  *' 
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Etched  X500 

Etchant:  Modified  Aqua  Regia 


Figure  41  ~ 


Pellet  XV EEL  -  4P,  HfB.  Matrix  Structure. 

1.  oo  » 
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'  •  # 


Etched  X500 

Etchant:10cc  glycerine,  lOcc  HNo, 

2cc  HC1, 0.  lcc  HF 


Figure  42  -  Pellet  XVIII  -  49.  HfB.  ^  Matrix  Structure^  After 
Oxidation  at  1852  K. 
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Etched 

Etchant:  Modified  Aqua  Regia 


X500 


Figure  43  -  Pellet  XIX  -  31,  IlfB^  Matrix  Structure, 


Etched  X500 

Etchant:10cc  glycerine,  1  Occ  UNO-, 

Zee  KCi,  C.icc  nr 


Figure  44  -  Pellet  XIX  -  31,  HfB,  Qo»  Matrix  Structure  After  Oxidation 
at  21  79°K,  1<88 
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Figure  45  - 


Etched  X500 

Etehant:10cc  glycerine,  lOcc  HNo 
2cc  IiCl,0.1cc  HF  3 


Pellet  XXI  -  37,  HfB.  Matrix  Structure  After 
Oxidation  at  2164  K.  * 
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Etched  X500 

Etchant:  Modified  Aqua  Regia 


Figure  46  -  Pellet  XVIII  -  45,  HfB  Matrix  Structure. 


Etched  X500 

Etchant:  lOcc  glycerine,  10 cc  HNO^ 

2cc  IICl,  0,  lcc  HF 


Figure  47  -  Pellet  XVIIL  -  45.  HfB_  ,  0  ,  Matrix  Structure  After 
Oxidation  at  2118  K. 
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the  rates  of  oxidation  are  lower  on  the  metal  rich  side  than  on  the  boron  rich 
side  of  stoichiometry.  However,  ZrB->  is  generally  less  resistant  to  oxidation 
over  the  temperature  range  explored  than  is  HfBg.  The  metallo^raphic 
examination  of  the  oxide  formed  on  ZrB?  specimens  above  1450°K  indicated 
a  columnar  oxide  as  expected  (1_,  12,  13). 

Figures  50-56  show  matrix  structures  of  ZrB?  before  and 
after  oxidation.  Figure  50  is  characteristic  of  the  metal  rich  dibori.de 
^r®1.75  wh’lCh  i-s  shown  in  Figure  51  (pellet  XX-42)  after  oxidation  at  1898°K 
and  Figure  52  (pellet  XX-47)  after  oxidation  at  217  6°K.  Surprisingly,  the 
former  specimen  shows  some  non-uniform  grain  growth,  while  the  latter  does 
not.  No  porosity  or  void  formation  is  indicated  in  either  Figure  51  or  Figure  52. 
Figures  53-56  show  matrix  areas  of  the  ZrB^g-j  and  ZrB£  io  material  before 
and  after  oxidation.  In  both  cases  grain  growth  and  void  formation  is  not 
evident. 


3.  5  Gas  Phase  Diffusion  Limited  Oxidation  and  Effects 
of  Flow  Rate  on  Oxidation  of  HfB?  and  ZrB? 

When  the  value  of  the  rate  of  oxide  becomes  sufficiently  fast, 
the  oxidation  is  controlled  by  the  rate  at  which  oxygen  molecules  arrive  at  the  surface  . 
Under  these  conditions  every  oxygen  molecule  striking  the  surface  reacts  with 
the  diboride.  Pellets  XX-17  and  XX-47  which  are  ZrBj  ^7  and  ZrBj  75  re¬ 
spectively  were  observed  to  react  with  essentially  ail  of'the  oxygen  supplied 
in  the  gas  flow.  In  addition,  pellet  XXII-g,  ZrB^,  l,  was  also  observed  to 
exhibit  diffusion  limited  oxidation  at  2233  K.  Thus  in  the  temperature  range 
between  2100  K  and  2200' K,  ZrB^  appears  to  show  diffusion  limited  oxidation. 

By  contrast,  HfB^  does  not.  Pellet.  XXI1-1  shows  that  doubling  the  flow  rate 
at  2100  K  produces  no  appreciable  effect  on  k 

**  PP 

3.6  Effect  of  Silicon  Additions  on  the  Oxidation  of  XrB,  and  IIfB0 

<6*  "  T  C-a 

Since  silicon  forms  a  glass  on  oxidation  and  is  likely  lo 
substitute  on  the  boron  sublattice  in  the  diboridc  (see  Section  IX)  an  investigation 
of  the  effects  of  silicon  on  the  oxidation  of  ZrB?  and  IlfB^  has  been  initiated. 
Samples  of  I-IfBl.  70Si0.  25  were  prepared  by  hot  pressing  raw  HiRt.  12  powder 
with  suitable  additions  of  hafnium  and  silicon.  Similarly  samples  of  ZrB^  70^10  Z5 
were  prepared  by  alloying  raw  ZrBj  39  powder.  Homogenization  treatments 
were  performed  after  hot  pressing.  The  preliminary  results  of  this  study  are 
shown  in  Tables  12  and  13  and  in  Figures  30,  31,  48  and  49.  These  res  alts 
indicate  that  at  low  temperatures  (below  1550°K)  rather  pronounced 
improvement  is  afforded  by  silicon  additions.  For  example,  the  Hfb,  7nSi_ 
specimen  exhibited  a  value  of  k  which  was  more  than  50  times  smaller0  0,25 
than  the  rate  constant  of  the  ra'J/^^Me  =2.  12  powder  from  which  it  was  prepared. 
At  higher  temperatures  i.e.,  1800°K  and  1900^K,  the  beneficial  effect  appears 
to  be  lost.  At  present,  it  is  not  clear  if  this  is  due  to  loss  of  silicon  via 
evaporation  of  some  other  factor.  Additional  experiments  with  specimens 
containing  higher  levels  of  silicon  are  presently  in  process.  As  an  additional 
comparison.  Figures  48  and  49  show  k  .  for  ZrSi  which  is  comparable  to 
®1>  70^0.  25  ^  about  1650  K.  FigmPiis  57-60  show  some  photomicrographs 
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Etched 

Etchant:  lOcc  glycerine,  lOcc  HNO 
2cc  HC1,  O.lcc  HF  3 


Figure  50  -  Pellet  XX  -  42,  ZrB. 


Matrix  Structure 


Figure  51  - 


Figure  52  - 


Etched  X500 

Etchant: lOcc  glycerine,  lOcc  HNO,, 

2c c  HC1,  0.  Ice  HF 


Pellet  XX  -  42,  ZrB.  _F  ,  Matrix  Structure  After 
Oxidation  at  1898°k/*  lJ' 
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Etched 

Etchant:10cc  glycerine,  lOcc  HNo, 
2cc  HC1,  0.  lcc  HF 

X500 

Pellet  XX  -  47,  ZrB,  „r,  Matrix  Structure  After 
Oxidation  at  2170°K. 
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Etched  X500 

Etchant:  Modified  Aqua  R  egia 


Figure  53  -  Pellet  XX  -17,  ZrBj  ^  f  Matrix  Structure, 
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Etched  X500 

Etchant:  lOcc  glycerine, lOcc  HNo,, 

2cc  HCl,0.1cc  IIF  3 


Figure  54  -  Pellet  XX  -  17,  ZrB.  q_.  Matrix  Structure  After 
Oxidation  at  2118  K.  V 
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Etched  X500 

Etchant:  Modified  Aqua  Regia 


Figure  55  -  Pellet  XXI  -  19,  ZrB^  J  Matrix  Structure. 


Etched  X500 

Etchant:  lOcc  glycerine,  lOcc  HNo 
2cc  HC1, 0,  Ice  HF  3 


Figure  56  -  Pellet  XXI  -  19,  ZrB  ,  Matrix  Structure  After 
Oxidation  at  1898  K. 
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Etched  X20 

Etchant:  Modified  Aqua  Regia 
Polaroized  Eight 

Figure  57  -  Pellet  XXI  -  17,  ZrBx  7SiQ  2g,  After  Oxidation  at  1899°K 


Etched  X 1 00 

Etchant:  lOcc  glycerine,  lOcc  HNo 
2cc  HCl.O.lcc  HF  3 


Pellet  XXI  -  17,  ZrBj  ?Si0  25 


J'igure  58  - 


,  After  Oxidation  at  1899°K 


Etched  X500 

Etchant:  Modified  Aqua  Regia 


Figure  59  -  Pellet  XXI  -  17,  ZrB^  ?SiQ  ^  }  Matrix  Structure. 


Etched  X500 

Etchant:  lOcc  glycerine,  lOcc  HNO^, 

2cc  HC1, 0. 1  cc  HF  5 


Figure  60  -  Pellet  XXI  -  17,  ZrB.  „Si.  c  Matrix  Structure  Alter 
b  „  .  ,  .  -  ,  ,  1.7  0.  Z 5* 

Oxidation  at  1899  K. 
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of  ZrB^  7Q^q  25  Pe^et:  XXI- 17  before  and  after  oxidation  at  1899~K.  The 
low  magnification3 photographs  i.e.  ,  Figures  57  and  58  show  a  fairly 
adherent  oxide  layer,  while  the  matrix  photomicrographs  do  not  show 
any  radical  changes. 

3 . 7  Oxidation  of  Boride  Z  and  Pyrolytic  ZrB  ^  gg 

Several  specimens  of  "Boride  Z",  a  Z rB^- MoS^composite 
material  prepared  by  Carborundum  were  studied  in  addition  to  two  specimens 
of  ZrB,  Q-  prepared  at  Raytheon  Co.  by  J.  Pappas  by  means  of  vapor 
deposition.  The  results  are  shown  in  Tables  12  and  13  and  in  Figures  33, 

34,  48  and  49.  At  temperatures  up  to  1900°K  both  materials  compare  with 
metal  rich  ZrB.  _  prepared  by  high  pressure  hot  pressing.  However, 
at  higher  temperatures,  both  "Boride  Z"  and  the  vapor  deposited  material 
are  more  oxidation  resistant  than  the  hot  pressed  specimens.  Additional 
work  on  both  "Boride  Z"  and  pyrolytically  deposited  material  is  in  progress. 


C .  The  Effects  of  Alloying  Additions  on  Oxidation  Behavior 

In  a  comprehensive  talk  entitled  "Alloying  for  Oxida.tion 
Protection",  Stringer  (12)summa.rized  the  principals  which  have  been 
applied  in  the  past  to  tho  selection  of  alloying  elements  for  oxidation 
protection.  These  are: 

(1)  Wagnor-I-Iauffc  theory. 

(2)  Preferential  formation  of  the  oxide  of  the  alloying  elomsnt. 

(3)  Formation  of  a  compound  oxide. 

(4)  Stabilization  of  a  more  protective  oxide. 

(5)  Formation  of  a  metal,  or  internal  oxide  barrier. 

A  discussion  of  each  of  these  principals,  with  particular  emphasis 
on  potential  applications  for  improving  the  oxidation  resistance  of  HfB^ follows. 

1 .  Applications  of  the  Wagner -Ha uffe  Theory 
1 .  1  The  Parabolic  Rate  Law 

In  cases  where  a  parabolic  rate  law  is  observed  in  the 
oxidation  of  metals  and  alloys,  the  Wagner  mechanism  is  frequently 
applicable,  and  the  rate  of  oxide  growth  (dx/dt)  can  be  written  as  follows  in 
terms  of  the  specific  conductivity  (  K  )  of  the  oxide  film  at  an  oxygen 
pressure  of  1  atm.,  the  transport  numbers  of  cations,  anions,  and  electrons 
(T  ,  T  ,  T  )  in  the  oxide,  and  the  oxygen  pressures  p^  and  pQ  at  the 
oxide/ gas  and  oxide/metal  interfaces  respectively: 
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dx 

dt 


U  RT 
x 


(9) 


tTA  +  V  T.  *„  '4/n 


In  (1),  x  is  the  oxide  film  thickness  at  time  t,  ft  and  n  are  constants  for 
any  given  system  and  R  is  the  gas  constant. 

The  conductivity  of  most  oxides  is  predominantly 
electronic.  Hence,  T  ~  1 ,  and  the  ionic  conductivity  of  the  oxide 
(T^  +  T  )  %  determines  the  oxidation  rate.  Since  ions  migrate  via 
vacancies  or  interstitials,  it  should  be  possible  to  reduce  the  oxidation 
rate  by  reducing  the  defect  concentration  in  the  growing  oxide  film.  In 
p-type  oxides,  this  means  reducing  the  number  of  negatively  charged 
defects,  cation  vacancies  nr  anion  interstitials.  In  n-type  oxides,  it 
means  reducing  the  number  of  positively  charged  defects,  anion 
vacancies  or  cation  interstitials.  Thus  where  p-type  oxides  are  formed, 
the  substitution  of  cations  of  lower  valency  or  anions  of  higher  valency 
should  improve  oxidation  resistance.  Where  lr-typc  oxides  are  formed, 
the  substitution  of  higher  valent  cations  or  lower  valent  anions  should 
prove  beneficial. 

1 . 2  W agner-liauffe  Mechanism  ~  General  Considerations 

In  summary,  to  improve  the  oxidation  resistance  of  a 
metal.  Me,  which  oxidiz.es  parabolically  to  an  oxide,  MeO  ,  choose  an 
alloying  element,  Mt,  of  higher  valence  than  Me,  if  MeO  Xs  an  n-type 
semi-conductors; and  of  lower  valence  than  Me,  if  MeO  i^ p-type.  Similar 
arguments  can  be  applied  to  additions  to  the  anion  lattice. 

In  many  cases  (18)?the  alloy  Mo-Mt,  chosen  as  above,  will 
indeed  oxidize.  less  rapidly  than  pure  Me.  In  other  cases,  there  will  be 
either  no  improvement  or  an  adverse  effect.  Even  in  instances  where 
oxidation  resistance  has  been  improved  by  application  of  the  Wagner-Hauffe 
principals,  the  extent  of  the  improvement  is  often  not  given  quantitatively 
by  the  theory (18) . Thu  reasons  for  possible  failure  am  ;.u.*uifold.  Tn  order 
to  fulfill  the  W  agne  r-  1-Iauff  c  condition* ,  Mt  ions  must  be  substituted  for  Me 
ions  in  the  it  one  simply  prepares  an  alloy  Me-Mt,  and  oxidizes  it, 

there  is  no  guarantee  that  the  oxide  which  forms  will  have  the  desired 
structure,  Mt  ions  may  not  be  soluble  in  the  oxide  MeO  .  They  might  for 
example  be  too  large  to  substitute  for  Me  ions.  The  stability  of  the  two 
oxides  might  he  so  different  that  one  or  the  other  metal  could  be  oxidized 
preferentially.  Furthermore,  it  is  conceivable  that  a  homogeneous  alloy 
Me-Mt  will  not  form  in  the  tirst  phase. 

A  particular  reason  for  possible  failure  of  the  Wagner-Hauffe 
theory  in  high  temperature  systems  is  that  the  intrinsic:  defect 
concentration  of  the  oxide  may  already  be  so  high  that  the  addition  of  a 
small  concentration  of  ions  of  different  valency  will  make  very  little 
difference. 


1 .  3  Wagner-Hauffe  Mechanism  -  Derivation  of  Equations 

If  the  principal  diffusing  species  in  a  growing  oxide  film  of 
MeO  is  an  ion  defect  I—1 6  then  the  addition  of  a  cation  Mr1  to  the  oxide 

y 
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should  change  the  oxidation  rate  approximately  as  follows.  The  bulk  of 
the  oxide  must  be  electrically  neutral,  thus 


C(e+)  =lz|C  (I±Z)  ±{u  -  v)  C  (Mt4") 


(10) 


where  C(e  )  is  the.  concentration  of  free  electrons  or  positive  holes  in 
the  oxide,  and  v  is  the  valence  of  M.e+V  ions  in  the  oxide.  If  equilibrium 
is  established  at  the  oxide/metal  and  oxide/gas  phase  boundaries,  then 
throughout  the  oxide,  the  product  [C(e^)j  C  (l—2)  is  a  constant  K  at  a 
given  oxygen  pressure: 

[C(e  +  )]  |zlC  (I±Z)  =  K  (11) 


If  the  subscript  o  is  used  to  refer  to  the  pure  metal  Me, 

K  =  [Co(eT)l  '*'Co(I±Z)  =  [Co(I±Z)]  (1  +,Z^,Z1) 


(i; 


Substituting  (10)  into  (11)  affords: 

[|z»C(I±Z)  +  («  -  v)  C  (Mt+“)]lzlC  =  K  (13) 

Equating(12)  and  (13)(  provides  an  expression  that  defines  C(I~Z)  in 
terms  of  measurable  parameters 


C  (I±Z) 
o 


izl 


Cjl-;)  ±  <«*  -  v)C(Mt^)]  (l8°/c^V\"(,^g| 


co(i^)  co(iJ-z)  j  \c0(F)l 


(14) 


The  ratio  of  the  ion  defects  in  the  alloy  oxide  and  in  the  pure  oxide, 

C( J±“)/C  (I±z)  is  equal  tej  the  ratio  of  the  parabolic  rate  constants  for 
oxidation  of  alloy  and  pure  metal,  k/kQ.  Therefore,  from  (14) 


+  (1/  izij) 

a  1  + 


(15) 


o  •  Z  •  • 

where  the  negative  sign  is  associated  with  I  (  z  >  0)  and  the  positive 
sign  with  l”z(z  <  0). 
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Equation  (15)  can  be  solved  approximately  for  the  ratio 
(k/kQ)  under  given  experimental  conditions.  In  general,  the 
concentration  of  added  ions  )  will  be  very  large  compared  to 

the  equilibrium  defect  concentration  in  the  pure  oxide  i.  e. 


c  (I±z) 

O 


(16) 


Two  cases  will  be  considered:  (1)  the  addition  of  ions  of  lower  valence 
(w  <  v  )  to  oxides  with  cation  interstitials  or  anion  vacancies  (z  >0)  or 
the  addition  of  ions  of  higher  valency  (w  >  v )  to  oxides  with  cation 
vacancies  or  anion  interstitials  {z  <  0)  and  (2)  the  addition  of  ions  of 
higher  valency  (oo  >  v)  to  oxides  with  cation  interstitials  or  anion 
vacancies  (z  >  0)  or  the  addition  of  ions  of  lower  valency  (w  <  v)  to 
oxides  with  cation  vacancies  or  anion  interstitials  (z  <  0). 

Case  (1):  (w  -  v  )  <  0  and  z->0or(w  -  v  )  >0  and  z  <  0 

For  case  (1),  equation(15)  becomes: 


’k  \ 


(l  +(l  /  tzlV) 


=  1  + 


/lo>  -  vl\/C(Mt!^) 
'  i  ^  1  ^  ^  C.  ^  *^"Z) 


Making  use  of  the  inequality  in (16)  generates 


(17) 


s  Aw  -  vl\C(M.t4c°) 
\  >al  /c  n&\ 

O'  ' 


(18) 


Physically,  then  the  addition  of  cations  of  lower  valency  than  the  lattice 
cations  to  n-type  oxides  or  the  addition  of  cations  of  higher  valency  to 
p-type  oxides  will  result  in  an  increase  in  the  rate  of  oxidation.  The 
ratio  of  the  parabolic  rate  constant  for  the  alloy  to  the  parabolic  rate 
constant  for  the  pure  base  metal  will  be  proportional  to  the  ratio  of  the 
concentration  of  additive  cations  in  the  oxide  to  the  equilibrium  defect 
concentration  in  the  pure  oxide. 

Case  (2):  (w  -  v  )  >  0  and  z  >  0  or  (o;  -  v  )  <  0  and  z  <  0 

For  case  (2),  equation  (15)  becomes: 


(irf . 


=i) 


/Iw  -  v\\  C(Mt^ )  / k  'il/  lz0 

[  1^1  j  c 

o' 


(19) 
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Dividing  by 


(V) 


( 1  +  (l  /  \  z|)) 


(11)  can  be  rewritten  in  the  foi'm: 

(1  +(1/  i  ziY) 


1  + 


poo  -  vl\  C(Mt+“) 

(  ko\ 

-(k° ) 

1  ,z,  J  c 

l  k  ) 

Ak  J 

(20) 


Again  using  the  inequality  (8),  the  ratio  k/ko  becomes 


k  izt*  >, 

v  W  -  vi>,z'  ; 

Case  (2)  is  then  characterized  by  k<  kQ;  i.  e.  case  (2)  alloy  additions 
result  in  a  decreased  oxidation  rate.  The  magnitude  of  the  decrease  is 
given  by  (14)  and  again  depends  on  the  ratio  of  added  metal  ions  to  the 
equilibrium  defect  concentration  in  the  pure  oxide.  If  C(Mt^“)  cannot 
be  made  very  much  larger  than  C0(liz),  then  very  little  change  in 
oxidation  rate  can  be  anticipated. 

1.4  Wagner-Hauffe  Mechanism  Applied  to  HfB^ 

If  the  Wagner  theory  applies  to  the  oxidation  of  HfB^ 
under  conditions  where  Hf02  is  the  only  condensed  oxide  formed,  and  if 
the  growing  oxide  film  is  anion  deficient,  then  the  addition  of  ions  with 
valence  greater  than +4,  such  as  Ta+!),  Wf  ,  should  improve  the  oxidation 
resistance,  while  addition  of  ions  with  valence  less  than  +4,  such  as 
Al"*"^  or  Be’*'  ,  should  have  a  deleterious  effect.  If  the  experimental 
results  fail  to  confirm  the  theoretical  conclusions,  several  reasons  might 
be  sought.  As  discussed  above,  the  intrinsic  defect  concentration  in  the 
oxide  could  be  so  high  as  to  be  influenced  only  negligibly  by  addition  of 
foreign  cations.  Furthermore,  the  growing  HfO^(c)  film  might  not  be 
anion  deficit.  On  the  basis  of  recent  work  on  the  conductivity  of  ZrO^c) 

(13, 19)itmight  be  surmized  that  the  conduction  mechanism  is  a  great  deal 
more  complicated. 

2 .  Preferential  F ormation  of  the  Oxide  of  the  Alloying  Flem ent 

If  the  free  energy  of  formation  of  the  oxide  of  the  alloying 
element  is  very  much  smaller  (more  negative)  than  the  free  energy  of 
formation  of  the  oxide  of  the  basis  metal,  then  it  is  possible  that  the  oxide 
of  the  alloying  element  will  form  exclusively.  If  in  addition,  the  defect 
concentration  of  the  alloying  element  oxide  is  less  than  that  of  the  basis 
metal  oxide,  the  alloy  may  oxidize  to  a  smaller  extent  than  the  pure  basis 
metal. 


C  (I±z) 

Ov  ’ 


CjMt^) 


\z\ 


(21) 


Here  it  is  difficult  to  predict  the  results  that  might  be 
expected  in  any  given  case,  because  kinetic  factors  may  override  thermo¬ 
dynamic  stability,  and  because  defect  concentrations  are  largely  unknown. 
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Furthermore,  even  if  the  oxide  of  the  alloying  element  is  formed 
preferentially,  it  will  be  saturated  with  ions  of  the  basis  metal  and  the 
defect  structure  might  be  very  different  from  that  of  the  pure  oxide  in 
equilibrium  with  a  pure  metal.  In  addition,  the  alloy  oxide  might  be 
mechanically  incompatible  with  the  substrate. 

To  apply  the  above  considerations  to  improving  the  oxidation 


resistance  of  HfB^,  it  is  necessary  to  find  an  oxide  with  a  lower  free 
energy  of  formation  than  HfO^c)  in  the  temperature  range  of  interest. 
Hafnium  dioxide  is  a  highly  stable  oxide  with  Af^  j-j£02  2000°K  =  “180. 1 

kcal/mole  of  0^.  Oxides  with  greater  stability  are  ThO^  with  AF^ 

2000°K  =  -203.  2  kcal/mole  of  0.,,  Y^  with  AFf>  2000oK  »  -206- 6 

kcal/molc  of  0.,,  and  La^O^  with  AF^  y  2000°K  s  "l^l.  3  kcal/mole 
of  0^.  The  question  of  the  defect  concentration  in  the  oxide  which 
actually  forms  must  defer  to  experiment. 


The  elements  Y  and  La,  on  the  basis  of  the  Wagner  theory, 
would  increase  the  rate  of  oxidation  of  HfB^,  However,  on  the  basis  of 
thermodynamic  stabilities,  a  decrease  in  oxidation  rate  becomes  possible. 
This  should  have  no  effect  on  the  rate  of  oxidation  of  HfB?,  if  the  Wagner 
mechanism  is  valid  for  the  system,  but  might  be  beneficial  if  a 
continuous  coherent  layer  of  ThO^  should  form. 

3,  Formation  of  a  Ternary  Oxide 


The  oxidation  oi  an  alloy  may  produce  two  single  phase 
oxides,  or  a  ternary  oxide  which  confers  greater  oxidation  resistance 
than  the  oxiue  of  either  the  basis  metal  or  the  alloying  element.  This 
principal  is  difficult  to  apply  to  the  protection  of  HfB2,  since  virtually  no 
information  is  available  on  mixed  oxides  of  hafnium.  A  CaO.HfO^  phase 
melting  at  about  2470°C  has  been  reported  (2&)tand  might  form  on  oxidation 
of  HfB;>  with  calcium  additions,  A  hafnium  silicate  analogous  to  zircon 
might  be  formed  from  a  HfB^Si  alloy. 

4.  Stabilization  of  a  More  Protective  Oxide 


Frequently  an  alloying  element  may  serve  to  improve  the 
plasticity  of  an  oxide  film  so  that  any  stresses  created  by  a  mismatch 
between  the  oxide  and  alloy  lattice  may  be  more  easily  accommodated.  In 
the  oxidation  of  HfB^,  a  large  increase  in  oxidation  rate  occurs  at  the 
monoclinic  to  tetragonal  transition  temperature  of  HfO^.  It  seems  unlikely 
that  any  alloying  element  will  serve  to  stabilize  the  monoclinic  oxide  at 
higher  temperatures. 
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5.  Formation  of  a  Metal  or  Internal  Oxide  Barrier 


In  the  oxidation  of  molybdenum  silicides,  the  preferential 
oxidation  of  silicon  eventually  results  in  the  formation  of  a  terminal 
solid  solution  of  silicon  in  molybdenum  at  the  alloy-oxide  interface.  The 
low  silicon  activity  in  this  region  contributes  to  the  oxidation  resistance 
of  the  silicides,  A  comparable  mechanism  does  not  apply  to  the 
oxidation  of  HfB^* 

Rapp  (21), by  careful  temperature-time  programming,was 
able  to  deposit  a  very  narrow  protective  band  of  In^O^fc)  at  a  pre¬ 
determined  depth  in  Ag-In  alloys.  Since  oxygen  dissolves  in  silver,  and 
silver  oxide  is  unstable,  Ag-In  alloys  undergo  internal  oxidation.  Again, 
this  method  of  protection  is  not  obviously  applicable  to  HfB^. 

D.  Thermodynamics  of  Oxidation 


The  Influence  of  B 


2^3 


Volatility  on  Diboride  Oxidati on 


The  appreciable  volatility  of  B.,0^  in  the  temperature  range  of 
the  present  oxidation  experiments  has  been  cliscussed  previously  (1).  On 
the  assumptions  (1)  that  the  metal  diboridos  MeB^  oxidize  non-preTer- 
entialiy  and  parabolically  to  solid  MeO^c)  and  liquid  B^0,(1),  and  (2)  that 
B^O^(l)  vaporizes  linearly  at  0.01  the  equilibrium  rate  of3 vaporization  into 
vacuum,  G,  as  long  as  liquid  is  present,  we  were  able  to  define  an  experi¬ 
mental  time  t  after  which  boron  oxide  would  vaporize  as  rapidly  as  it 
formed.  The°time  tQ  was  given  by  the  equation: 

k 

t  =  0. 1894  x  104  -££  (22) 

G 


Wo  showed  in  a  previous  report,  that  for  HfB^  above  1488  K, 
essentially  no  condensed  phase  boron  oxide  should  be  present  after  about 
the  first  five  minutes  of  oxidation.  In  the  current  program,  measurements 
were  made  on  HfB?  at  a  temperature  of  1330  K  where  rate  constants  of 
1.32  x  10“^  g^/cm^-min  for  HfB^  ^  and  1.31  x  10 "8  for  HfB^  ^  were  obtained. 
For  the  boron  rich  material,  we  vJould  have  ! 


0.  1894  x  104  x  1.31  x  10“7  -•  3700  min 

to  m - — — ~—rz - 

(2. 6  x  10  ) 


(23) 


For  the  metal  rich  material  A  a  370  min.  Hence,  at  the  lowest  temperature 
for  the  hour  long  experimental  runs  described  here,  the  rate  of  formation 
of  liquid  B^O^fl)  should.  be  inuch  greater  than  the  rate  of  loss  B^O^g). 

That  is,  essentially  all  of  the  boron  oxide  formed  will  remain  in  the 
surface.  For  ZrB^,  the  situation  would  of  course  be  similar. 
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2 .  Calculation  of  the  Pressure  of  B ^0 ^  at  the  Oxide/Boride  Interface 

In  the  final  report  (1_),  the  problem  of  whether  the  metal 
oxide  MeO  (c)  would  be  thermodynamically  stable  in  contact  with  the 
boride  MeJ -x  with  respect  to  decomposition  to  f^O^g)  and  the  metal 
was  considered.  Results  were  given  for  x  -  2/3.  Here  the  calculation 
is  extended  to  the  metal  and  boron  rich  side  of  stoichiometry  x  -  0.  660 
and  0. 674  and  the  results  are  compared  to  those  obtained  previously.  The 
results  for  each  metal  are  given  in  Table  14,  The  pressure  of  B^O^g) 
was  calculated  for  the  equilibrium: 

MeOy  (c)  +  B(a^)—  ^  B2U3(g)  +  Mef^)  (24) 

r\  rt 

where  a  '  and  arc  the  activities  of  boron  and  metal  respectively  in 
the  boride  Mej_x%x,  The  standard  free  energy  of  reaction  (14)  maybe 
written  in  terms  of  the.  free  energy  of  formation  of  the  oxides: 


AF 


(14, 


...  y 

“  ? 


AF 


£.B203(g) 


-AF 


£,MeOy(c) 


(25) 


in  terms  of  the  pressure  of  B  .0  and  the  activities  of  metal  and  boron: 

q  y/ 3 

Al,’0  _  nT  ,n  ’Vie  ^Z°.3(g)  .... 

A  (14)  -  "Rr  in  2y 7  3  (26) 


B 


From  (25)  and  (26),  one  can  calculate  the  pressure  of  13.^0  (g)  in 
equilibrium  with  MuO^(c)  and  Muj  B  _(c): 

1„  1Jl5;0j  =n„  »3  .1  1„  ,au  -  &1  |  ”<.*«** 


(27) 


Activities  of  boron  and  metal  were  calculated  from  the  formulas  given 
in  the  final  report;'—'  free  energies  of  formation  were  taken  from  the 


JANAF  Tables  and  the  AVCO  Tables. 
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If  the  calculated  log  ^  0,  then  a  coherent  metal  oxide 

film  is  not  thermodynamically  stable  on  the  surface  of  the  metal 
diboride.  The.  film  would  be  ruptured  by  evolution  of  E^O^g).  If  this 
mechanism  is  a  significant  cause  of  material  failure  during  oxidation, 
then  it  would  be  advantageous  to  remain  on  the  metal-rich  side  of  the 
range  of  homogeneity  of  the  diboride.  For  the  stoichiometric  compounds, 
the  equilibrium  pressure  of  at  the  boride/oxide  interface  exceeds  an 

atmosphere  at  2000°K  for  TiO^  on  TiBo,  NbO^  on  and  Ta^>0^  on 

TaB^,  at  1500°K  for  Nb02  on  NbBg  and  for  Ta^O^  on  TaB^,  and  at  1000°K 
for  Nb02  on  NbB7  and  Ta£0g  on  TaB->.  On  the  metal-rich  side  of 
stoichiometry,  tne  vapor  pressure  of  B2O3  remains  below  an  atmosphere 
for  all  of  the  diborides.  Thus,  the  relative  order  of  oxidation 
resistance  based  on  B^O,  pressure  is  HfB2  (best)  followed  by  ZrB2,TiB2, 
TaB2  and  NbB£  for  stoichiometric  diborides.  In  addition,  metal  rich 
diborides  are  more  resistant  to  oxidation  than  boron  rich  diborides.  These 
conclusions  are  similar  to  those  reached  in  Section  IX  based  on  "boron 
activity  gradient"  computations. 


Table  14  indicates  that  for  zirconium  dibori.de  the  equilibrium 
pressure  of  B70„(g)  calculated  from  Eq.  (1)  at  2000°K  is  about  10-14  atm 
over  ZrB^  1*0 “4  atm  over  stoichiometric  ZrB^,  and  almost  10  atm 

over  ZrB.'fjg.  This  means  that  a  protective  film  of  ZrO^  formed  on  a 
metal  ricnZrB-  should  be  stable  over  any  pressures  encountered  in 
practice.  Stoichiometric  Z rB^  might  exhibit  low  pressure  oxidative  failure 
at  2000  K  at  ambient  pressures  near  0.  i  torg,  Boron  rich  ZrB^  might 
not  exhibit  protective  oxidation  at  all  at  2000  K,  e^yen  at  oxygen  pressures 
of  an  atmosphere.  For  hafnium  diborides  at  2000  K,  the  calculated 


pressures  of  B 
respectively 

HfBZ  0 
layer*  o 


B?0  (g)  in  equilibrium  with  Ilf0?(c)  and  IlfB?  +  x  ar 
1C(*22  £c,r  HfB^  10~5  atm  for  Hill,,  and  10- 


are 

1  atm  for 


-  y  j.  v/ cv  utii  QzJ.*  x  w  a.  tin  j.  w  x  a  2  >  t*>i*v*  a  *  aun 

Thus,  at  ambient  pressures  of  the  order  of  0.  1  atm,  a  protective 
Hf07(c)  might  fail  to  form  on  the  surface  of  a  boron  rich  hafnium 


diboride,  while  in  equilibrium  with  a  metal  rich  HflJ.,,  the  dioxide  should  be 
perfectly  stable. 


One  therefore  predicts  on  thermodynamic  grounds  that,  other  things 
being  equal,  the  range  of  temperature  and  pressure  over  which  HfB^  and 
ZrB..  can  be  used  in  an  oxidative  environment  should  be  greuLer  on  the 
metal  rich  side  of  the  region  of  homogeneity  than  on  the  boron  rich  side. 

Factors  that,  might,  override  the  thermodynamic  conclusions  are  (1)  an  effect 
of  stoichiometry  on  the  adherence  between  oxide  and  substrate,  and  (2) 
failure  to  achieve  the  equilibrium  described  by  Eq.  (1)  at  the  interface, 
either  for  kinetic  reasons  or  because  the  oxide  formed  in  immediate  contact  with 
the  alloy  is  not  the  dioxide,  but  the  monoxide  or  a  ternary  Me-R-0  mixture. 


Thus  from  a  thermodynamic  point  of  view,  the  minimum  rate  of 
oxid^Jion  of  refractory  diborides  at  low  pressures  and  temperatures  above 
2000  K  should  be  achieved  on  the  metal  rich  side  of  the  single  phase  diboride 
region.  On  the  basis  of  the  experimental  results  of  Section  B,  and  the 
earlier  results  of  this  study  (1),  the  metal  rich  diborides  arc  superior  in 
oxidation  resistance  at  pressures  of  an  atmosphere  and  temperatures  up  to 
2000  K.  Since  no  unexpected  adverse  effects  are  introduced  on  the  metal 
rich  si.de  of  the  homogeneity  range,  it  should  be  advantageous  for  most 
practical  applications  to  use  metal  rich  material. 
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TABLE  14 


PRESSURES  OF  B  0 -(g)  IN  EQUILIBRIUM  WITH  MeO  (c)  AND  Me  B 
L  3  y  1-x  x 

T  =  2000°K 


X 

Ti 

Zr 

Hf 

Nb 

Ta 

0.660 

-  7.20 

-14.29 

-15.0 

-  0. 10 

-  3.  12 

0. 666 

1.15 

-  4.23 

-  5.16 

7.25 

+  4.58 

0.674 

+  5.3 

0.96 

-  0.13 

10.58 

■  ❖ 

T  =  1500°K 

0.  660 

-15.11 

>1< 

-  6.14 

-  6.50 

0 . 666 

-  1.00 

-  8.28 

-  8.58 

7.  81 

3.64 

0.674 

>!< 

>;< 

* 

* 

* 

w 

o 

o 

o 

o 

rH 

II 

H 

0.  660 

>!< 

-17.2 

-18.0 

0 .  666 

-  1.99 

-17.25 

-18.9 

6.11 

1  .28 

0.  674 

>!< 

* 

>|C 

»;< 

*  Outside  of  the  single  phase  diboridc  region 
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E.  Conclusions 


The  following  conclusions  can  be  drawn  from  these  results; 

(a)  In  the  lower  temperature  range  where  B,0^(1)  is  present,  the 

effect  of  varying  the  stoichiometry  of  HfB^'from  metal  rich  to 
baron  rich  and  the  comparison  of  the  magnitude  of  k  for  HfB^ 
vs.  ZrB-,  are  masked  by  the  oxidation  resistance  enSincement 
conferre“cl  by  the  protective  layer  of  B^O^tl).  The  apparent 
decreased  oxidation  resistance  of  ZrBT)  at  temperatures  above  the 
monoclinic  to  tetragonal  transition  in  ZrO^  is  also  masked  by  the 
rapidly  decreasing  oxidation  resistance  of  (as  a 

consequence  of  its  own  vaporisation)  in  the  same  temperature 
range. 

(b)  Measurements  of  the  e.ffect  of  oxygen  pressure  on  zone  melted 
specimens  of  ZrB^  and  HfB~  performed  earlier  (12)  and  in  the 
present  study  (see  Table  12)  indicate  that  the  k  for  HfB.,  varies 
directly  as  the  square  root  of  the  oxygen  partiaS^pressure 
between  0.4  and  700  torr  at  about  1700  K.  These  results  and 
the  calculations  presented  above  do  not  indicate  catastrophic  low 
pressure  failure  for  HfB-,.  The  k  for  ZrB_,  was  £oundQ(12)  to 
vary  directly  with  oxygen  partial  ]?fessure  at  about  1300°K"and 
to  be  independent  of  oxygen  partial  pressure  at  about  1800  K. 
Consequently,  the  experiments  and  above  calculations  do  not 
indicate  catastrophic  low  pressure  failure  of  ZrB^. 

(c)  The  addition  of  water  vapor  to  the  oxidizing  gas  enhances  the  rate 

of  oxidation  at  low  temperatures  where  liquid  would  normally 

be  present.  This  effect  is  probably  due  to  increased  vaporization 
of  B.,0.,  which  would  protect  the  diboride.  At  higher  temperatures 
additions  of  water  vapor  appear  to  have  no  effect. 

(d)  The  oxidation  of  ZrB^  is  gas  diffusion  limited  at  temperatures  near 
2100  K  at  an  oxvgen  partial  pressure  of  37  torr  and  a  gas  flow  rate 
of  about  100  cmVmin  (linear  velocity  of  3  cm/ sec.).  Hafnium 
diboride  does  not  exhibit  gas  diffusion  limited  oxidation  at  2200  K 
and  flow  rates  o£  about  100  cm’ /min.  Doubling  the  flow  rate  at 
2100°K  did  not  result  in  higher  values  of  k  at  40  torr  oxygen 
pressure. 

(e)  Oxidation  studies  on  HfB^  at  1760°K  for  six  hours  indicates  that  the 
rate  remains  parabolic  over  this  time  period. 

(£)  The  mechanism  of  oxidation  of  HfB,  changes  at  about  1950°K.  This 
change  is  probably  caused  by  the  phase  change  in  HfO,  which  takes 
place  at  this  temperature.  The  oxide  which  forms  below  this 
temperature  appears  non-colqmnar  while  the  high  temperature 
oxide  appears  columnar.  The  rate  constant  increases  more 
rapidly  with  increasing  temperature  above  2000  K  than  at  low 
temperatures. 


109 


(g)  Studies  of  the  effect  of  stoichiometry  on  the  oxidation  resistance 
of  HfB£  and  ZrB^  indicate  that  metal  rich  samples  exhibit 
superior  oxidation  properties  at  temperatures  up  to  E000°K. 

(h)  Silicon  additions  have  been  found  to  confer  added  oxidation  re¬ 
sistance  below  1600  K.  However,  at  higher  temperatures 
this  advantage  is  lost. 

(i)  Hafnium  diboride  is  more  oxidation  resistant  than  ZrB^  at 
temperatures  up  to  2200  K. 

(j  )  Metal  rich  HfB^  appears  superior  to  Boride  Z  over  the 
temperature  range  investigated. 

(k)  The  total  depth  of  diboride  conversion  computed  from  the 
measured  rate  constants  is  in  reasonable  agreement  with 
that  observed  metallographically,  indicating  that  the  reaction 
is  probably  stoichiometric. 

Reference  to  Figures  30,  31,  47  and  48  as  well  as  to  Table  13  indicate 
that  the  best  results  obtained  thus  far  correspond  to  a  conversion  depth  of  about 
20  mils  in  one  hour  at  2200  K.  If  the  diborides  are  to  be  seriously  considered 
in  this  temperature  range,  one  hour  conversion  depths  of  1«10  mils  must  be 
achieved.  This  would  require  depression  of  the  present  k  values  by  a  factor 
of  5  to  500.  The  silicon  additions  at  low  temperatures  ha^?  produced  a 
depression  in  k  of  about  50  times.  Consequently  our  future  efforts  will  be 
directed  toward^? varying  the  silicon  levels  in  order  to  retain  this  advantage 
to  higher  temperatures. 

Additions  of  Y  and  Ta  have  been  previously  considered  as  a  means 
of  slowing  oxygen  diffusion  through  the  oxides.  However,  recent  studies  at 
General  Telephone  (2,  3)  have  shown  that  additions  of  Y  to  hafnium  and 
zirconium  actually  increase  the  oxidation  rate.  These  studies  indicate  that 
the  diffusion  of  oxygen  through  Al^O^  proceeds  more  slowly  than  the  diffusion 
through  ZrO~,  or  HfO.,.  During  the  next  phase  of  this  study  A1  additions  to  the 
diborides  wifi  be  investigated. 

The  preliminary  results  obtained  with  vapor  deposited  zirJBj  are 
quite  interesting  and  will  be  pursued  during  the  next  phase  of  our  study. 
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VII.  PHYSICAL  PROPERTIES'" 


A.  Introduction 


In  accordance  with  the  principal  objectives  of  the  present 
program,  physical  and  mechanical  property  data  are  of  interest  for  all  the 
diborides  up  to  1000°C  and  for  ZrB^  and  HfB^  up  to  1500°C  and  possibly  to 
higher  temperatures  where  feasible^  The  previous  report  (1)  contains 
linear  thermal  expansion  data  (25  -1000  C),  X-ray  thermal""expansion  data 
(800°-1500°C),o  electrical  resistivity  data  (25°-l 050°C) ,  and  hot  hardness 
data  (25  -1050  C);  these  results  were  obtained  on  the  then  available  well 
characterized  specimens.  The  present  report  contains  new  experimental 
results  or>  the  electrical  resistivity  of  polyc.rystalline  ZrB^  (25  -1400°C) 
and  polycrystalline  HfB,,  (25°-l  500°C) .  In  addition,  thermal  conductivity 
and  emissivity  results  obtained  on  polycrystalline  materials  prepared  and 
characterized  in  this  program  are  presented;  these  measurements  were 
performed  in  the  temperature  range  from  1173  to  2242  K  for  dense 
specimens  of  TiB2,  ZrB^,  HfB^,  and  NbB,,, 

B .  Thermal  Conductivity* * 

One  of  the  problems  associated  with  measuring  high  temperature 
thermal  conductivity  is  that  it  is  difficult  to  obtain  specimens  which  do  not 
crack  and  break  apart  during  the  thermal  treatment  associated  with  the 
experimental  procedure.  During  this  phase  of  the  investigation  dense, 
homogenous  materials  were  fabricated;  these  materials  provided  test 
specimens  which  remained  intact  throughout,  the.  experimental  procedure. 

The  experimental  procedure  described  below  provides  data  from 
which  the  thermal  conductivity  can  be  calculated.  In  practice  this  technique 
requires  an  independent  measure  of  the  total  emissivity  of  the  sample 
material.  In  this  investigation,  the  latter  was  obtained  from  the  experi¬ 
mentally  determined  time-temperature  cooling  data  and  the  high  temperature 
heat  capacity  data  presented  in  the  previous  compilation  (1). 

1 .  Experimental  Procedure 

Short,  cylindrical  specimens  of  the  diborides  were  induction 
heated  in  a  vacuum  furnace.  The  equipment  was  operated  so  as  to  confine 
the  heating  to  the  cylindrical  surface  of  the  specimen. 

During  steady  state  conditions,  assuming  that  the  cylindrical 
surface,  is  isothermal,  heat  flows  radially  inward  by  conduction  and  then 
radiates  away  from  the  ends  of  the  specimen.  By  setting  the  conductive  heat 
flow  equal  to  the  radiative  heat  loss,  Hoch,  et.  al.  (E3)  developed  Eq,  (1)  which 
relates  the  thermal  conductivity,  K,  and 

«  (JTo4Q!  L 

K  =  wtttsk  a  at  m 

o  o 


'  E.  V.  Clougheity  and  R.  L.  Pober,  ManLabs,  Inc.,  Cambridge,  Mass. 

** Taken  in  part  from  a  report  submitted  by  M.  Hoch,  University  of  Cincinnati 
and  presented  at  a  recent  symposium  (22). 
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e  ,  the  total  emissivity;  0,  the  Stefan-Boltzman  radiation  constant;  T  ,  the 
temperature  (°K)  at  the  center  of  the  end  surface;  a,  the  radius  (cm)  of  the 
specimen  at  the  end  surface;  L,  half  the  height  (cm)  of  the  specimen;  A  T, 
the  temperature  difference  (°K)  between  the  center  and  the  edge  of  the  end 
surface;  and  K  and  K1,  constants  defined  by  the  length  to  diameter  ratio 
of  the  specimen.  Teirfperatures  were  measured  with  an  optical  pyrometer 
and  dimensions  were  measured  by  conventional  methods.  Total  emissivity 
was  determined  by  another  experimental  technique  in  which  the  specimen 
was  heated  in  vacuum  to  the  maximum  desired  temperature  and  then  allowed  to 
cool  by  radiation.  During  cooling,  the  time-temperature  relationship  was 
automatically  recorded.  By  equating  the  radiative  heat  loss  to  the  enthalpy 
change  of  the  specimen  and  solving  for  total  emissivity,  e  ,  Hoch  and 
Narasimhamurty  (24)  derived  Eq.  (2)  which  relates  the  differential  cooling  term, 

d(T'"^);  C,,,  the  specific  heat  (cal/ gram  °K)  at  T°K, 

— ar-  p 


CP  d(T“3)  _  3  CTA  pv 

f  3t  m 

2 

e,  the  total  emissivity;  t,  time  (sec.);  A,  area  (cm  )  of  the  specimen;  and  m, 
the  mass  (gram)  of  the  sample.  The  area  and  mass  of  the  specimen  were 
measured  by  conventional  methods.  Temperature  and  time  were  obtained 
from  the  cooling  data.  Specific  heat  was  obtained  from  previously  reported 
results  (1_). 


2.  Characterization  of  Specimens 


All  the  thermal  conductivity  measurements  reported  herein 
were  performed  on  polycrystalline  specimens  fabricated  by  high  pressure 
hot  pressing.  The  available  single  crystal  material  (NbB^,  ZrB^,  and  HfB^) 
did  not  remain  intact  during  the  measurement.  The  characterization  data 
provided  for  the  specimens  in  Table  15  and  Figures  61  through  64  include: 

(1)  The  pycnometric  density  measured  on  the  fabricated  bars  and  percentage 
of  the  powder  density  obtained  directly  from  the  measured  powder  densities 
of  HfB2(2)  and  ZrB^fl)  as  given  in  Section  III  and  TiB?  as  measured  in 
another  study  (7)  and  NbB£  as  estimated  from  Figure  o4.  (2)  The  metallo- 

grapliic  analyses  before  and  after  thermal  conductivity  measurement. 

The  former  were  obtained  on  samples  of  the  same  bar  from  which  the  test 
specimens  were  prepared;  the  latter  were  obtained  directly  from  the  test 
specimens.  The  percentage  porosity  and  the  amount  of  the  secund  phase 
were  determined  by  point  counting  techniques  for  TiB^,  ZrB?,  and  HfB2  and 
by  visual  estimation  for  NbB?.  The  fine  grain  structure  of  the  NbB2 
specimen  and  the  extremely  fine  porosity  significantly  reduce  the  accuracy 
of  the  point  counting  techniques.  The  grain  size  data  were  obtained  by 
lineal  analysis.  (3)  The  chemical  analyses  tabulated  under  "before"  were 
obtainedor,  the  starting  powders;  the  detailed  results  are  presented  in 
Section  III  and  in  a  previous  report  (1).  The  analyses  tabulated  under  "after" 
were  obtained  on  the  test  specimens!”  Additional  analytical  results  comparing 
as  received  powders  and  fabricated  bars  are  presented  in  the  Appendix. 
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TABLE  15 


CHARACTERIZATION*  OF  THERMAL  CONDUCTIVITY  SPECIMENS 


Material 

TiB2 

ItEPz 

HfB2 

Characterization  No. 

75 

7 

28 

5 

Geometric 

Mass  (gram) 

0. 5010 

0. 5552 

1.1094 

0. 5735 

Radius  (cm) 

0. 4521 

0.4480 

0.4276 

0.4360 

Height  (cm) 

0. 1905 

0. 1480 

0. 1852 

0. 158 

Area  (cm^) 

1.8245 

1.7098 

1. 6456 

1. 6359 

Dens  itom  etr  y 

Density  (g/ cc. ) 

4.  30 

5.  92 

10.4 

6.47 

%  Powder  Density 

95 

99 

100 

(99) 

Metallographic 

Before  After 

Before  After 

Before  After 

Before  After 

%  Porosity 

5.5  5.4 

0.5  0.5 

0.5 

(i)  a) 

%  Second  Phase 

none  none 

2  2 

7  10 

(9)  (9) 

Grain  Size  (p) 

13  19 

6  15 

25  50 

fine  fine 

Figure  No. 

61 

62 

63 

64 

r.hpm  1  r*  1 

B 

31.0  30.6 

18.3  17.5 

11.2 

18.6  18.1 

Me 

68.7  67.5 

80.7  79.9 

87.3  86.7 

80.7  81.5 

B/Me 

1.93  2.00 

1.89  1.84 

2.12 

1.98  1.90 

^Qualitative  spectroscopic  analyses  for  metallic  impurities  oi  all  materials  after 
completion  of  the  measurements  showed  no  significant  contamination. 
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Etched  X500 

Etchant:  Modified  Aqua  Regia 

High  Pressure  Hot  Pressed,  R-75 
Fabricated  from  U.S.  Borax  TiB^(l). 


Etched  X500 

Etchant:  Modified  Aqua  Regia 

Thermal  Conductivity  Specimen  After 
Measurem  ent. 

Figure  61  -  Titanium  Diboride.  Thermal  Conductivity  Material, 
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Etched  X500 

Etchant:  Modified  Aqua  Regia 
High  Pressure  Hot  Pressed,  R-7 
Fabricated  from  U.S.  Borax  ZrB„,(l). 


Etched  X500 

Etchant:  Modified  Aqua  Regia 

Thermal  Conductivity  Specimen  After 
Measurement. 

Figure  G'i  -  Zirconium  Diboride  Thermal  Conductivity  Material. 
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Etched  X500 

Etchant:  Modified  Aqua  Regia 

High  Pressure  Hot  Pressed,  R-28 
.Fabricated  from  Wah  Chang  HfB^Z). 


Etched  X500 

Etchant:  Modified  Aqua  Regia 

Thermal  Conductivity  Specimen  After 
Measurement. 

Figure  63  -  Hafnium  Diboride  Thermal  Conductivity  Material. 
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Etched  X1500 

Etchant:  Modified  Aqua  Regia 
High  Pressure  Hot  Pressed,  R~5 
Fabricated  from  U.  S.  Borax  NbB2(2). 


Etched  XI 500 

Etchant:  25  cc  Lactic  Acid,  5  cc  HNO,, 

5  cc  HCL,  0.  25  cc  Hf 
Thermal  Conductivity  Specimen  After 
Measurement. 

Figure  64  -  Niobium  Diboride  Thermal  Conductivity  Material. 
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Inspection  of  the  specimens  after  completion  of  the  measure¬ 
ments  revealed  crack-free  surfaces  on  the  Til^  and  the  HfB^;  small 
circumferential  cracks  were  observed  on  the  surface  of  the  ZrB^  near  the 
outer  edges;  and  radial  cracks  were  observedon  the  face  of  the  NbB^. 

3.  Results 


The  measured  quantities  were  converted  to  total  emissivity 
and  thermal  conductivity;  the  results  are  expressed  as  a  linear  function  of 
temperature  in  Table  16.  The  slopes  and  intercepts  were  determined  by  the 
method  of  least  squares;  the  report  limits  are  probable  errors. 


TABLE  16 

THERMAL  CONDUCTIVITY*  AND  TOTAL  EMISSIVITY* 
OF  POLYCRYSTALLINE  TiB^,  ZrB2,  HfB^,  AND  NbB_, 


Material 

TempRange 

TK) 

Thermal  Conductivity 
(cal /  sec.  cm.  °K) 

Total  Emissivitv  Ranget 

TiB. 

1268-1886 

(  8.34  +  0.77)  10"5T 

0.461-0.495 

ZraJ 

1173-1905 

(-1.15  +  0.11)  10“^ 

+(  8,24  +  0.  53)  10“bT 

0.533-0.588 

HfB2 

1375-1896 

(-2.32  +  0.  07)  10“? 

+(  7.73  +  0.  38)  1 0’*3T 

0.328-0.349 

NbBz 

1263-2242 

(  1.51  +  0.08)  io"jr 
+  (  2.00  T  0.  33)  10~JT 

0.199-0. 226 

1UI.W  UCL  VCX, 

uncorrectcd  Cor 

porosity  and /  or  second  phau< 

• 

1  Emissivity  range  increases  linearly  from  the  lower  temperature  to  the  higher. 

A  comparison  of  the  present  results  with  data  available  in 

the  literature  must  take  into  account  the  variation  of  thermal  conductivity 
with  the  physical  state  of  aggregation  of  the  matrix  material  and  the  presence 
of  extraneous  phases.  The  thermal  conductivity  decreases  approximately 
linearly  with  porosity  as  long  as  the  solid  phase  is  continuous.  Thus,  for  a 
first  approximation,  data  can  be  corrected  for  porosity  by  assuming  that  heat 
transfer  by  radiation  across  pore  volumes  is  negligible  compared  to  heat 
transfer  through  the  solid  matrix  by  conduction.  The  correction  for  the 
amount  and  the  distribution  of  the  second  phase  material  is  a  more  difficult 
task  but  since  heat  transfer  will  proceed  by  conduction  across  the  second 
pha.se,  this  correction  is  second  order  and  can  be  neglected.  The  effect  of 
grain  size  has  not  been  thoroughly  investigated  for  ceramic  type  materials; 
virtually  no  data  of  this  type  are  available  for  the  diborides. 
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The  thermal  conductivity  of  TiB^,  ZrB^,  and  HfB^  was 
measured  at  elevated  temperatures  at  Southern  Research  Institute  (Z5). 

The  measurements  were  made  with  an  absolute  radial  heat  flow  device; 
the  specimens  were  heated  in  carbon  tube  furnace.  Some  characterization 
data  are  presented  for  typical  sample  material;  examination  after  measure¬ 
ments  showed  numerous  cracks  in  all  specimens.  Additional  data  for  TiB., 
were  reported  by  Mandorf  (26)  in  the  range  800  -1400  C.  Other  results 
have  been  reported  (27,  28)  at  much  lower  temperatures.  The  results  of 
the  present  investigation  are  shown  graphically  in  Figure  65  along  with 
the  above  high  temperature  data. 

In  order  to  discuss  the  significance  of  the  combined 
results  in  Figure  65  it  is  important  to  note  that  higher  purity  starting 
materials  were  used  in.  the  present  invest' pav v"  than  in  either  of  the  above 
studies  and  that  the  specimens  were  essentially  unchanged  physically  and 
chemically  after  completion  of  the  measurements.  Accordingly  the  dada 
reported  herein  as  measured  by  Professor  Hoch  at  the  University  of 
Cincinnati  are  considered  representative  of  the  pure  dense  diborides. 
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C.  Electrical  Resistivity 

The  primary  purpose  of  the  present  investigation  was  to  obtain 
reliable  data  on  the  variation  of  the  resistivity  of  HfB^  and  ZrB^  up  to 
1500  C.  The  previous  report  (1)  contains  a  discussion  of  the  technique 
for  measuring  resistivity  as  a  function  of  temperature  for  brittle,  metallic 
alloys  and  compounds.  The  variation  of  the  room  temperature  resistivity 
of  all  the  diborides  of  interest  with  porosity  and  the  variation  of  the 
resistivity  of  TiB^,  ZrB^,  and  HfB^  with  temperature  to  1050°C  were 
measured  and  In  thin  investigation  the  resistivity  measurements 

were  extended  to  1400°C  for  ZrB^  and  to  1500°C  for  HfB2«  The 
experimental  procedure  is  very  similar  to  that  previously  used  except 
that  (1)  the  housing  material  in  the  specimen  holder  was  changed  from 
boron  nitride  to  tantalum  and  (2)  alumina  discs  were  employed  to  insulate 
the  leads  from  the  metallic  housing.  In  the  course  of  the  development  of 
the  techniques  which  lead  to  the  extension  of  the  upper  temperature  limit 
to  1500  C,  several  sets  of  measurements  were  performed  on  specimens  of 
ZrB^  and  HfB?  with  different  characteristics.  These  data  combined  with 
results  in  the  literature  provide  a  reasonably  complete  description  of  the 
variation  of  the  resistivity  of  ZrB^  and  HfB^  and  to  a  lesser  extent  of 
TiB^  with  temperature  and  physical  structure. 

1 .  Experimental  Procedures 

The  development  of  a  technique  suitable  for  measuring  the 
resistivity  of  brittle  iritermeLallic  compounds  with  electrical  properties 
similar  to  metals  was  presented  in  the  first  technical  report  (1).  In  this 
investigation  the  components  of  the  measureing  apparatus  were  changed  to 
provide  higher  temperature  capability.  In  particular,  the  boron  nitride 
housing  (see  Figure  51  in  Reference  1)  which  supports  the  specimen  was 
replaced  by  a  tantalum  housing  and  alumina  discs  were  used  to  insulate 
the  specimen  from  the  housing.  The  sample  was  heated  in  a  pla.tinum  tube 
furnace  in  a  gas  tight  alumina  tube  under  a  positive  pressure  of  dry  argon. 
Contact  resistance  commenced  in  the  vicinity  of  1500  C  and  prohibited 
measurements  at  higher  temperatures. 

2.  Sample  Characterization 

The  available  characterization  data  pertaining  t.o  specimens 
for  which  the  resistivity  has  been  measured  at  elevated  temperatures  is 
summarized  in  Table  17  along  with  the  measured  temperature  coefficients 
of  resistivity.  The  density  of  each  bar  was  mea  sured  and  percentage  porosity 
was  calculated  from  the  known  powder  density.  Since  it  was  known  that  the 
fabricating  conditions  do  not  introduce  significant  contamination  (see  Section  IV 
and  VI,  and  the  Appendix)  only  selected  samples  were  examined  metallo- 
graphically  (Figures  66  and  67)  and  a  limited  number  of  chemical  and 
spectroscopic  analyses  were  obtained.  The  room  temperature  resistivity  is 
a  sensitive  measure  of  porosity  of  a  specimen  which  is  known  to  be 
principally  single  phase  mater  in]. 
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Etched  X500 

Etchant:  Modified  Aqua  Regia 

High  Pressure  Hot  Pressed 

Fabricated  from  ZrBy  (1),  B/Zr  =  1.89 

Run  31,  d  =  6.01  g/cc .  ,  p  L  25°C]  =  7 . 9p.  B  cm 


Figure  66.  Zirconium  Diboride  Resistivity  Specimen 


Etchant:  Modified  Aqua  Regia 

High  Pressure  Hot  Pressed 

Fabricated  from  HIBt^A),  b/HI  =  1.88 

Run  47,  d  =  10.70  g/cc.,  p[25°C]  =  10.3|j.i2cm 

Figure  67.  Hafnium  Diboride  Resistivity  Specimen 
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AT  ION  AND  RESISTIVITY  RESULTS 
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3. 


Results 


The  resistivity  for  several  different  samples  of  ZrBp 
and  HfB^  is  shown  graphically  as  a  function  of  temperature  in  Figures  "68 
and  69.  The  new  high  temperature  results  arc  sho%vn  explicitly.  The 
ZrB^  data  in  Figure  68  are  representative  of  dense  zone  refined,  dense 
polycrystalline  and  porous  polycrystalline  specimens.  The  data  for  HfB^ 
in  Figure  69  are  representative  of  dense  and  porous  polycrystalline 
specimens.  All  measurements  indicate  that  the  resistivity  is  a  linear 
function  of  temperature.  This  type  of  data  is  generally  expressed  by  a 
linear  coefficient  of  resistivity  defined  as 


1  Ap 

=  pLZ5°CT  "AT 


(3) 


In  addition  the  differential  quantity  A  p  /A  T  was  also  tabulated.  The  latter 
is  less  sensitive  to  the  physical  state  of  aggregation,  i.  e. ,  porosity,  grain 
boundary  precipitates,  cracks,  etc.  ,  and  should  be  more  characteristic  of 
the  matrix  material.  Available  data  from  the  literature  also  Indicate  linear 
behavior;  these  linear  coefficients  are  also  provided  in  Table  17.  The 
combined  results  for  the  dense  materials  i.e. ,  with  five  per  cent  or  less 
porosity,  indicate  that  both  O'  and  A  p/A  T  are  the  same  within  experimental 
error  for  TiB2»  ZrB^,  and  HfB?. 
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Resistivity  of  Zone  Refined,  Dense  Folycrystalline,  £.nd  Porous 
Polycrystalline  Zirconium  Diboride  as  a  F unction  of  Temperature 


200  400  600  800  1000  1200  1400  1600 

Temperature,  °C 

Figure  69.  Resistivity  of  Dense  and  Porous  Polycrystalline  Hafnium  Dibonde 
as  a  Function  of  Temperature. 


VIII.  PHASE  EQUILIBRIA* 


A.  Introduction 


The  original  purpose  of  the  phase  equilibria  investigation  was  to 
determine  the  range  of  stability  of  the  single  phase  diboridcs  of  titanium, 
zirconium,  hafnium,  niobium,  and  tantalum.  Zone  refined  diborides  were 
considered  as  ideal  specimen  materials  because  it  was  anticipated  that  phase 
equilibria  data  obtained  from  such  high  purity  material  would  be  truly 
representative  of  the  binary  system.  Satisfactory  samples  of  TiB?  and  TaB^ 
could  not  however  be  produced  by  the  zone  refining  technique.  Diffusion 
couples  were  prepared  with  a  metal/diboride  interface  to  examine  the  metal 
rich  side  of  stoichiometry  for  ZrB ?;  the  poor  mechanical  properties  of  NbB2 
and  the  non-availability  of  zirconium -free  hafnium  metal  prohibited  the  study 
of  phase  boundaries  in  the  Hf-B  and  Nb-B  systems  by  this  technique.  An  early 
attempt  to  circumvent  the  materials  problem  as  regards  the  diboride  involved 
the  preparation  of  a  metal/boron  diffusion  couple.  High  purity  Ti,  Zr 
(Hf-free),  Nb,  and  Ta  and  zone  refined  B  were  available  and  it  was  anticipated 
that  this  technique  would  provide  additional  information  about  these  metal-boron 
systems.  Unfortunately,  the  relatively  high  vapor  pressure  of  elemental  boron 
lead  to  the  development  of  a  vapor  deposited  metal  diboridc  on  the  surface  of  the 
metal.  The  intermediate  phases  did  not  form.  Quantitative  delta  were  obtained 
for  Zr/ZrB,  diffusion  couples  at  3.000°  a,nd  1400°C;  the  metal  rich  boundaries 
at  these  temperatures  are  at  a  B/Me  =  1.99  and  1. 97  respectively.  The  zone 
refining  subtask  also  provided  some  high  purity  two  phase  materiel  with  B/Me 
ratios  slightly  less  than,  and  slightly  greater  than,  2.  00.  Quantitative  data  in 
the  boron  rich  boundary  of  Z rB.,  was  obtained  by  equilibration  of  two  phase 
boron  rich  ZrB^  at  1730°C;  this  boundary  is  at  a  B/Me  =  2.02. 

This  report  contains  calculated  phase  diagrams  fur  the  Hf-B  and 
the  Zr-B  systems.  These  calculated  diagrams  are  based  on  the  thermodynamic 
description  of  the  diboride  phase  {j_,  29)  andthepreviously  developed  techniques  (30) 
which  have  proved  satisfactory  for  the  Ti-C,  Zr-C,  and  Ta-C  systems.  The 
limits  of  the  diboride  phase  calculated  herein  are  based  on  a  more  realistic 
model  than  those  previously  reported,  '1/ 

Experimental  techniques  have  been  employed  to  define  the  metal 
rich  and  the  boron  rich  boundaries  of  ZrB^  and  HfB^  and  to  provide  new  data 
on  the  solidities  of  the  metal  -  "metal  ricn  boride"  and  the  "metal  rich  boride"- 
metal  rich  diboride  in  the  Zr-B  and  Hf-B  systems.  The  materials  used  for 
equilibration  experiments  included  (1)  Arc-melted  mixtures  with  B/Me  =  1.5 
and  6.0,  (2)  Cold  pressed  compacts  of  Me  +  B  with  compositions  of 
B/Me  <1.0,  (3)  Two  phase  zone  refined  alloys  in  the  Zr-B  system  and 
(4)  High  pressure  hot  pressed  specimens  fabricated  from  as-received  powder, 
ZrB^tl)  with  Zr  added  to  adjust  the  B/Me  =  1.5. 


*  E.  V.  Clougherty,  R.  L.  Pober,  and  I..  Kaufman,  ManLabs,  Inc.  , 
Cambridge,  Mass. 
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B.  Calculation  of  Phase  Diagrams 


Binary  Zr  -  B  and  Hf  -  B  phase  diagrams  have  been  computed  using 
the  thermodynamic  description  of  the  diboride  phases  generated  previously  (1 , 29) 
and  the  techniques  previously  utilized  in  computing  binary  Ti-C,  Zr-C,  and 
Ta-C  phase  diagrams  (30). As  in  the  latter  cases,  the  computations  are  not 
intended  as  a  replacement  for  experimental  observation  but  rather  as  a  guide 
for  meaningful  experimentation  and  a  vehicle  for  correlating  thermodynamic 
information  with  phase  equilibria.  The  results  of  the  computations  are  given 
in  Figures  70  through  73.  Details  of  the  calculation  are  given  below. 

1.  Computation  of  Diboride/ Liquid  Equilibria 

In  line  with  the  carbide  calculations(30),  it  is  assumed  that  the 
diboride  phase  melts  congruentiy  at  stoichiometry"  and  that  the  liquid  phase 
can  be  approximated  by  a  regular  solution.  Thus  the  free  energy  of  the  liquid 
phase  is  approximated  by 

FL  =  (l-x)PMeL+xFg  +  JjX(1-x) +RT[xlux+(l-*)ln(l-x)]  (1) 


Since  the  free  energy  of  the  diboride  phase  at  stoichiometry  is  defined  as 


ft’[ 


2  T]  _! 


Me 


+  -F° 
3  n 


+  AF' 


[f  ,  T] 


U) 


and  the  liquid  forms  of  metal  and  boron  are  stable  at  the  melting  point  of  the 
diboride  phase, 


I,  =  4.5  (AF11  [  |  ,  T1"1]  +  j  RT  In  6.75)  (3) 

_  2 

where  T  ^  is  the  melting  point  and  AF^  [  3,  T1^]  is  the  free  energy  of  forma¬ 
tion  (per  gram  atom)  of  the  stoichiometric  diboride. 

2 

Values  of  AF1*1  [  3,  T]  are  given  in  Table  61  of  reference  1  thus 
L,  =  -51.8k  cal/g.atfor  Zr-B  and  -47.0  k  cal/g.  at.  forHf-B.  Thus  the  free  energy 
of  the  liquid  phase  can  be  specified  as  an  explicit  function  of  temperature  and 
composition  (subject  to  the  errors  introduced  by  the  regular  solution  approximation). 

The  next  step  is  the  location  of  the  L,/(L  +  r|)  boundary,  Xj^in 
equilibrium  with  metal  rich  diboride  at  tbe  (L.+t|)/ti  boundary  (i.e.  x^j^). 

Similarly,  the  boron  rich  boundary  and  the  corresponding  liquid  com¬ 
position  XLi|  must  be  computed.  v  This  procedure  is  performed  by  equi¬ 
librating  partial  molar  free  energies  as  follows: 


*  The  symbolism  xjm  ,  xl^,  x^l  and  x^L.  is  used(30)  merely  to  distinguish 
between  metal  rich  (without  bars)  and  boron  rich  (with  bars)  composition.- 5 
inq/L  equilibrium. 
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3000°  K 


Fraction  Boron 


Fraction  Boron 


X- Atomic  Fraction  Boron - ► 

.  Calculated  "HfB  "  Phase  Field 


(4) 


and 


Lq 


13 


x  = 

Lq  B 


nL 


(5) 


Since  the  partial  molar  free  energies  of  Me  and  B  in  the  liquid  phase  are 
defined  by  Eq.  (1)  and  the  corresponding  diboride  partials  have  been  defined 
earlier  0_>29)Eqs.  (4)  and  (5)  yield 


2  -1  -3, 


Me 


and 


+  Lx  t  +  RT  In  { 1  -  x  )  =  F  -  F.,  ,  +RTln(Z-3x  ,  )  27  et  (1  -x  r) 
Lq  Lq  Me  Me+  t)L  '  t\U 


x-Z 


Lq 


(6) 


,L 

B 


+  L(!-Xi  +  RT  In  x  =  -  FR++RT  In x^(2-3  '  <y) 


where  and  refer  to  the  free  energies  of  metal  and  boron  vacancies 

in  the  diboride  phases.  Since  all  of  the  quantities  in  Eqs.  (6)  and  (7)  are  known,  (1,29) 
with  the  exception  of  xj^  and  x  t  ,  these  phase  boundary  compositions  can  be 
computed  by  solving  Eqs.  (6)  and  (7)  as  a  function  of  temperature.  Repeating 
the  equilibration  on  the  boron  rich  side  yields  Eqs.  (8)  and  (9) 


FMe  *  +  RT  -  *Me  -  rMc++  RT  *"  <8> 

and 


F^+L(l-xT  )2  +  RT  In  x,  =  F°  -  F,,  ,  +2_1RTln4(3x  T  -2)  27  "  T  }"  V  3 

B  Lip  Lq  B  B+  qL  qL 


(9) 

Eqs,  (8)  and  (9)yield  the  xjyq[T]  and  x  [t]  curves  shown  as  functions  of 
temperature  in  Figures  70  and  71. 


Computation  of  the  Pure  Metal/Liquid  and  Pure  Boron/Liquid 
Equilibria 


In  line  with  the  Me-C  calculations,  the  assumption  of  no  solubility 
of  B  in  Me  or  Me  in  B  was  made.  This  restriction  is  imposed  in  order  to 
simplify  the  calculations  and  can  be  lifted  if  relaxation  is  required.  Equilibrat¬ 
ing  the  partial  molar  free  energy  of  Me  in  the  liquid  phase  with  that  of  pure 
Me  yields  the  L  T]  and  [  T]  curves  which  derive  from  Eqs.  (10)  and(ll) 
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AFWrftTl  =  (10) 

fV  -*• 

for  T  >  To  ■  ,  and 

fiFMe'*“lTI  (11) 

for  T  <  To  01  P. 


Similarly,  the  equilibration  of  partial  free  energies  of  boron  in  the  liquid 
phase  with  pure  boron  yields  the  x  [  Tj  curve  which  is  calculated  directly 
from  Eq,  ()  2). 


LB 


AF 


L  -»S 


B 


RT  In  x 


LB 


ay 


(12) 


3.  Location  of  the  Diboride/Boron  and  (Metastable)  Diboridc/ 

Metal  Eutectics 

_  The  diboride-boron  eutectic  is  located  at  the  intersection  of  the 

xLr|  t  anc*  XLB_[T]  curves.  These  intersections  result  in  values  of 

Tjr  -  2170°K  and  xjr  =  0.955  for  the  Zr-B  system  and  2200°K  and  0.965  in  the 

Hf-B  case.  These  results  neglect  the  possible  existence  of  intermediate 

boride  compounds  between  McB^  and  boron.  If  such  phases  are  stable 

(i.  e.  dodec.abo rides)  at  high  temperatures,  then  Tjr  would  be  elevated  and 

xjr  shifted  to  higher  boron  concentrations. 

The  metal  rich  eutectics  result  in  similar  fashion  from  the 
intersection  of  the  xj^  [  T]  curve  with  the  x-,  [  T]  curve  (Zr-B),  These 

eutectics  arc  mctastablc  since  the  mono  bo  ride  phase  displaces  the  stable 
eutectics  to  higher  temperatures  and  lower  concentrations. 

4.  Computation  of  Monoboride/Liquid  Equilibria 

Monoborides  of  hafnium  and  zirconium  have  been  reported  to 
exist  as  stable  phases  in  the  Hf-B  and  Zr-B  systems.  Although  virtually 
no  thermodynamic  data  for  either  compound  is  available,  the  compilation 
of  phase  diagrams  presented  earlier  '•£'  suggests  that  both  monoborides  decompose 
peritectically  to  liquid  and  diboride  at  high  temperatures.  These  "suggested" 
decomposition  temperature s(i.)  are  approximately  2700°K  for  ZrB  and  3200°K 
fo  r  HfB . 

Schissel  and  T rulson(3I)determined  the  free  energy  of  formation 
of  TiB  at  2340°K  to  be  -17  k  cal/g.at.  by  means  of  mass  spectrometric: 
vapor  pressure  studies.  Krikorian(32)  estimated  the  enthalpy  of  formation 
of  IlfB  to  be  24  k  cal/g.at.  at  298°K. 


This  value  was  originally  reported  as  an  enthalpy  of  formation  assuming 
ACp-  0 
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phase j  ^  j 


The  free  energy  of  formation  of  the  stoichiometric  monoboride 
can  be  represented^— )  by  Eq.  (13)  at  high  temperatures 


AFU[  0,5,  T]  =  A  H°[  0.5,  0UK]  +1.5  RT  In 


oj  e*  o  e"1  -  o.5 t^t2 

Me  B  Me  B 


-0.5  4» 


Me 


0.  5c() 


B 


-- 1 1 g»  at. 


(13) 


(1) 


Where'*'  AH  [0.5,  G°Kl  is  the  enthalpy  of  formation  of  the 
stoichiometric  monoboride  phase  at  0°K,  y  ®  is  the  electronic,  specific 
heat  coefficient,  and  j^e  and  (p  g  are  the  non- vibrational,  temperature- 
dependent  free  energies  terms  for  the  pure  metals(l)  (the  latter  include 
electronic  specific  heat  free  energies,  free  energies  of  transformation  and 
fusion,  etc.).  The  second  term  on  the  right  of  Eq.  (13)  is  the  high  temper¬ 
ature  approximation  to  the  Debye  free  energy  of  formation,  thus  0\je  and 
Or  are  the  Debye  temperatures  of  pure  metal  and  boron  while  Oj^^T  and  0p$ 
correspond  to  the  value  for  the  components  in  the  monoboride  phase.  Eq.  13 
contains  three  unknown  teims,  AH  [0.5,  0°K]  ,  Oj^g  ,  and  0+3.  Analysis 
of  the  low  h-M>ipe  r-Hi  hi  e  -  3'1  >°K)  specific  heat  of  the  diborides  on  the 

basis  of  the  Two -Debye  Temperature  method^)  indicated  (page  270  ref  1) 
that  a  Lindemann  type  relation  could  be  written  for  the  Debye  temperatures 
of  TiB2 »  Z r.B ? ,  HfB2,  NbBo  and  TaB2.  Writing  a  similar  relation  for  the 
monoborides  yields 


c 


»  130  V 


3  (T 


3 


<MMu> 


(14) 


where  T  is  the  melting  point  of  the  (T phase,  V  is  the  volume  of  the  Cphase 
in  cm^/g.  at  and  is  the  atomic  weight  of  the  metallic  component,  in 

addition,  the  Debye  temperatures  of  the  metal  and  boron  components  of  the  0' 
phase  can  be  interrelated'  ^  as 


J  *  ”  ilLl 

1'  as  follows 


(0 


Me 


Vm 


Me  ‘  (0B>  2  MB 


(15) 


Thus  application  of  En;,  (141  and  (15),  reduce  the  number  of 
unknowns  to  two,AH*^[0.5,  0°K]  and  T  . 

If  the  melting  of  the  rnonoboridc  phase  is  considered  (as  a  first 
approximation)  as  the  temperature  at  which  xj  jT.  =  0.5, then  T  u  is  defined  as 
being  equal  to  3000°K  for  the  Zr-B  case  and  3265  for  the  Hf-B  case"’’.  Under 
these  circumstances  02^  and  0^" are  fixed  by  Eqs.  (14)and  (15)  and  since 


*  Relaxing  this  assumption  will  not  result  in  large  differences  in  this  cal¬ 
culated  value  of  AII*^  [  0.  5,  0°K]  and  the  0  values.  For  example  if  the  HfBU 
phase  is  assumed  to  decompose  at  3000°K  into  liquid  (xj_,r|  0.43)  and  diboride 

phase,  then  the  computed  AH^[  0,  5,0°K]  turns  out  to  be  -21.  5  k  cal/ g.  at. 
rather  than  the  present  value  of  -22.8  k  cal/g.  at. 
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F  [  0. 5,  T  ]  =  F  [  0. 5,  T  ]  then  AH  [  0.  5,  0°Kl  is  specified.  The  results 
of  this  calculation,  yielding  AF^[  T]  for  the  ZrB  and  HfB  phases  are  given 
in  Table  18. 


Equilibrating  the  metal  and  boron  partial  molar  free  energies 
across  the  liquid  plus  (Jfieldo  yields  (30) 

FMe  +RT  1'‘(‘->‘LO-»  +  LxLa  =  FMe-FMe++RT1“(1-2xOl!/4<»2<1-*01.)  <15> 

fb  +rt  xlct+  =  fb  -  fbF  RT  ln  W(1'2xcn.>  ,16) 


where 

2AF°'[0.5,  T]  =  -  FMe+-FB+  -  2RTln  2a  (17) 

in  Eqs.  (16)  and  (17)  the  free  energy  of  metal  and  boron  vacancies, 
FMe+  an<^  Eg+,  anc*  t^ie  vacancy  parameter,  a,  refer  to  the  mono  bo  ride  phase 
and  are  not  presently  known.  Consequently  both  x^g-and  xgr  which  are  specified 
by  Eqs,  (16)  and  (17)  cannot  be  computed.  However  if  Eqs,  (16)  and  (17)  are 
added,  the  sum, 


RTln  =  2BFCf  0.  S. T]  +<FM»  -  FMR) 

B  "  P.  '  '  "dL 


+(F°  -F,h  +  RT  In  x—  (l~xfTT  f1  (18) 


Eq.(l  8)  exhibits  two  unknowns,  xj__  g- and  xgj^.  However,  if  the  solubility  of 
metal  in  the  monoboride  is  neglected  as  a  first  approximation,  then 
xgJ(  ~  ( 1  -X  frL)  and  Eq.  (18)  can  be  solved  for  x^  g-[  T]  ,  The  results  are 
shown  in  Figures  70  and  72, 

5.  Location  of  the  Monoboridc/Mctal  Eutectics 

Intersection  of  the  xj_n  [  T]  and  xt  q(T]  curves  at  Xjp  and  T^ 
defines  the  monnboride  -  metal  eutectics.  These  invariant  temperatures 
are  computed  to  be  1710°K  in  the  Zr-B  system  and  1880°K  in  the  Hf-B 
system.  Relaxation  of  the  idealizations  involved  in  the  calculations  of  the 
(no  solubility  of  boron  in  Me)  and  xLq-[t]  (x0Xj  s  (1-xq-jJ  ).  curves 
would  both  tend  to  raise  the  calculated  value  of  T^. 

6 .  Location  of  the  Congruently  Vaporizing  Composition  within 
Diboride  Phase  Field 


The  composition  at  which  congruent  vaporization  occurs  (I),  x^, 
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TABLE  18 


SUMMARY  OF  COMPUTED  THERMODYNAMIC  PROPERTIES  OF 

HfB  AND  ZrB 


T°[0.S] 

°K 

v0- 

cm  /g.  at 

e  * 
"Me 

°K 

"Me 

°K 

r> 

°  K 

n 

B 

°K 

AH°[0.5,0°K] 
k  cal/ g.  at 

ZrB11 

3000 

7.57 

320 

260 

930 

1270 

-20.  1 

IT 

HfB 

3265 

7.43 

285 

200 

1155 

1270 

-22.  8 

AF^[0.5,T]  kcal/g.at. 


T°K 

ZrB 

HCB 

1400 

-20.  0 

-21.5 

1600 

-19.9 

-21. 2 

1800 

-19.8 

-20.9 

2000 

-19.  7 

-20.6 

2200 

-19.  4 

-20.3 

2400 

-18.9 

-19.9 

2600 

-18.  3 

-19.  1 

2800 

-  !  7 . 7 

-18.2 

3000 

-17.  1 

-17.4 

3200 

- 1 6 .  9 

-16.4 

Note : 


The  electronic  specific  heat  coefficients  of  the  monoborides  are 
assumed  U>  be  less  than  1  x  10_/*  cal/g.at.°K^  as  in  the  case  of 
the  diborides  and  ZrC^.  Consequently,  the  corresponding  con¬ 
tribution  to  the  free  energy  of  formation  (i.e.  ,  -0.5y  u  T^  in  Eq.  13) 
is  neglected. 
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is  defined  by  Eq.  (19). 


-3  ln(2-3x„)  =  0.  5  In  Mg  iMM!e  +  lnp°,Jp°  )_1  +  3  In  0^0^  O^'1 


Me  'rB‘ 


Me  Me  B'  a 


(39,  000+4.,  0°Kj  -  <p  ^  +  <p  1 . 5  7^  T2) 


(19) 


RT 


Applying  this  expression  to  the  ZrB2  and  HfB-,  cases  yields  v^[t]  curves  which 
cross  the  x^l  l  I'l  curve  at  2800°K  for  the  ZrB2  case  and  at  /4U(J°K  in  the  HfB2 
case.  Unfortunately,  these  computations  do  not  provide  a  clear  definition  of 
the  temperature  at  which  xc  leaves  the  single  phase  r(  field.  The  reason  for 
the  present  lack  of  definition  is  that  [  T]  is  a  metastable  boundary.  The 

pertinent  equilibrium  boundary  ,  q-  [T], cannot  be  calculated  at  present  and 
will  lie  to  the  right  of  x  L  [  TJ  curve  suggesting  exiting  of  xc  from  the  single 
phase  field  at  lower  temperatures.  However,  the  comparison  of  observed  and 
computed  values  of  xc  at  2400°K  for  ZrB2  and  MB2  indicated  that  the  com¬ 
puted  values  were  lower  than  those  observed  (1.92  vs  1.97  for  7,rR2  and  1.89 
vs  1.96  for  HfB2).  This  factor  would  counteract  the  effect  of  the  displace¬ 

ment  and  raise  the  exit  temperature.* 

C.  Experimental 


Numerous  experimental  difficulties  have  hampered  the  phase 
boundary  program  from  its  inception.  However,  the  results  of  the 
several  different  types  of  experiments  completed  in  the  present 
investigation  of  the  Zr-B  and  the  Hf-B  systems  combined  with  the 
calculated  phase  equilibria  and  the  previously  described  (JL) diffusion 
couple  data  fur  the  Zr-B  sysLem  provide  sufficient  information  to  re¬ 
define  certain  aspects  of  the  previously  reported  0_)  phase  diagrams  for 
these  systems. 

In  order  to  provide  adequate  background  information,  the 
principal  features  of  different  types  of  expo  r indents  are  reviewed  and  the 
advantages  and  limitations  of  each  as  applied  to  the  systems  of  interest  are 
stated. 


1  .  Diffusion  Couples 

The  previous  report  contains  a  complete  description  of 
the  experimental  techniques.  The  diffusion  couple  materials  were  high 
porosity  Zr  metal  and  zone  refined  ZrR,.  The  experiments  were  carried 
out  inside  a  molybdenum  sample  holder ‘in  the  carbon  tube  furnace  with  an 
argon  atmosphere.  The  initial  temperatures  for  equilibration  were  selected 


The  computed  values  for  ZrE2  are  in  guud  agreement  with  the  results 
indicated  in  Table  8  and  with  a  value  of  B/Me  =  1.93  +  0.02  obtained  by 
G.M.  Kibler,  T.F.  Lyon  and  M.  J.  Linevsky,  G.E.,  Cincinnati  and 
reported  in  WADD-TR-60-646,  Part  4,  August  19b4. 
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from  the  phase  diagrams  reported  by  Glaser  and  Post  (34)  and  by  Schedler  (35). 
The  attempted  experiments  at  1850°,  1770°,  1750°,  and"! 650°C  failed 
because  a  liquid  phase  formed;  the  reported  (34,  35 ,  1_)  solidus  was  1780  C. 
Successful  couples  were  heat  treated  at  1500  ,  1400°,  a.nd  1000°C;  no 
evidence  of  an  intermediate  phase  between  Zr  and  ZrB,  was  found.  Thus, 
these  experiments  indicated  that  the  solidus  temperature  for  the  metal 
plus  metal-rich  boride  phase  field  is  less  than  1650  C  but  higher  than 
1500  C.  The  phase  diagram  proposed  by  Glaser  and  Post  (34)  indicated 
a  cubic  monoboride  stable  from  800°  to  1250°C;  the  results-©!  the  diffusion 
couple  at  1000  C  show  no  evidence  of  an  intermediate  phase.  In  addition 
the  apparent  unsuccessful  couples  above  1650  C  did  produce  a  solid 
intermediate  compound,  ZrB  (cubic)  at  the  diboride  interface.  Again,  the 
diagram  of  Giase  and  Post  (34)  shows  no  phase  at  these  temperatures  but  the 
diagram  of  Schedler  (35)  does” show  a  monoboride  (orthorhombic,  B-27)  above 
the  solidus  between  the  metal  and  the  diborides.  In  the  diffusion  couple 
experiments,  the  presence  of  a  small  amount  of  carbon  could  have  stabilized 
the  cubic  monoboride  relative  to  the  orthorhombic  structure. 

2.  Equilibration  Experiments 


In  the  original  planning  of  the  phase  boundary  program  it 
was  anticipated  that  equilibration  of  two  phase  alloys  would  complement  the 
data  obtained  from  the  diffusion  couples.  The  zone  refining  subtask  (1)  was 
considered  an  ideal  source  of  high  purity  samples  because  many  attempts  to 
prepare  single  phase  material  produced  two  phase  samples.  Metal  rich  and 
boron  rich  specimens  were  equilibrated  at  temperatures  from  1000  to  1850  C. 

In  practice  it  is  better  to  have  a  larger  amoimt  of  the  second  phase  in  such 
samples;  thus  these  high  purity  materials  have  some  disadvantages.  In 
comparing  the  two  types  of  experiments  the  two  phase  alloys  can  provide 
phase  boundary  data  on  the  diborides  to  much  higher  temperatures  because 
the  metal/diboride  couple  cannot  be  used  above  the  metal-solidus.  In 
practice  (_1_)  diffusion  couples  between  boron  and  the  diboride  where  not 
feasible  as  the  relatively  higher  vapor  pressure  of  boron,  lead  to  vaporization 
and  a  diffusion  bind  was  formed.  The  characteristics  of  the  various  types 
of  specimens  used  for  equilibration  experiments  are  provided  below. 

2.1  Zone  Refined  Specimens 

The  zone  refining  subtask  in  Part  I  of  this  investigation  (1) 
provided  several  high  purity  bars  which  were  either  metal  rich  or  boron  rich 
and  which  contained  ZrB.,  as  the  major  component  and  a  small  amount  of  a 
second  phase.  The  relatively  small  amount  and  the  difficulty  in  the 
identification  of  the  second  phase  impose  a  limitation  on  the  usefulness  of 
this  material.  The  amount  of  the  second  phase  in  the  metal  rich  material 
is  considerably  less  than  in  the  boron  rich  material.  A  metal  rich  sample 
was  equilibrated  at  1850  C  and  boron  rich  samples  were  equilibrated  at 
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1730°,  1400°.  and  1000°C.  The  phases  in  the  sample  equilibrated  at  1730°C 
were  analyzed  by  the  electron  microprobe;  the  results  gave  B/Me  =  2,02 
for  the  boron  rich  boundary  of  ZrB?  and  since  the  second  phase  contained 
<0.1  per  cent  Zr,  it  was  concludecTthat  the  reported  (34,  35)  ZrB^  was 
not  stable  at,  or  below,  this  temperature. 

2.2  High  Pressure  Hot  Pressed  Specimens 

Since  the  high  pressure  hot  pressing  procedure  had 
proven  capable  of  fabricating  dense  samples  of  the  diboride  powders,  an 
attempt  was  made  to  prepare  two  phase  alloys  by  fabricating  a  mixture  of  Zr 
metal  and  ZrB_(l)  powder  starting  material;  the  powders  were  mixed  with  an 
overall  composition  of  B/Zr  =1.5.  The  hot  pressing  was  performed  at 
1750°C  for  5  minutes  at  ZOO  kpsi.  One  limitation  on  the  conclusions  drawn 
from  data  on  specimens  prepared  from  this  mixture  is  the  uncertainty  of 
effects  from  ‘impurity  materials  in  the  original  ZrB~(l)  powder.  For 
example,  it  is  known  that  the  cubic  monoboride  is  stabilized  by  carbon; 

ZrB-.(l)  gowder  has  0.33  weight  per  cent  carbon.  Equilibrations  at  1500 
and  1550  C  produced  a  mixture  of  the  cubic  monoboride  and  ZrB,. 

2 .  3  Cold  Pressed  Compacts  of  Zirconium  and  Boron 

Mixtures  of  metallic  zirconium  powder  and 
crystalline  boron  were  prepared  with  B/Me  in  the  region  of  the  reported 
metal-"mctal  rich  boride"  eutectic  compositions  for  the  Zr-B  and  Hf-B 
systems  and  other  compositions  with  increasing  amounts  of  boron  up  to 
B/Me  =1.5.  The  mixtures  were  pressed  at  100  ksi  at  room  temperature. 

This  procedure  produced  compacts  which  were  mechanically  sound  but 
quite  porous.  The  excessive  porosity  in  some  of  these  specimens 
complicates  the  metallographic  analyses.  However,  these  specimens 
were  successfully  equilibrated  at  elevated  temperatures  and  the  solidus 
temperature  of  the  metal-metal  rich  boride  was  determined  for  the  Zr-B 
and  the  Ilf-B  systems.  In  addition,  specimens  with  B/Me  =  0.  67  to  1.50 
were  used  to  show  the  presence  of  a  metal  rich  boride  between  the  metal 
and  the  diboride  which  is  stable  above  the  metal  eutectic  temperature. 

2 . 4  Arc  Melted  Specimens 

Mixtures  of  zirconium  plus  boron  and  hafnium  plus 
boron  were  successfully  arc  melted  into  dense  buttons.  The  arc  melting 
was  carried  out  in  argon  with  thoriated- tungsten  electrodes;  the  specimen 
was  contained  in  a  water  cooled  copper  hearth.  Spectroscopic  analysis  did 
reveal  metallic  contamination.  Specimens  were  prepared  with  B/Me  -  1.5 
to  investigate  the  metal  rich  diboride  boundary  and  with  B/Me  =6.0  to 
investigate  the  boron  rich  diboride  boundary.  These  specimens  contain  from 
50  to  75  per  cent  diboride.  Accordingly,  the  additional  phase(s)  can  be 
easily  identified  and  analyzed.  Equilibrations  were  performed  up  to  2200  C; 
the  analyses  of  the  heat  treated  specimens  provided  cjualitative  and  quantitative 
results  on  the  equilibrium  structures  at  elevated  temperatures. 
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3. 


Heating  Procedures 


The  diffusion  couples  were  heated  in  a  molybdenum  sample 
holder  which  was  designed  tu  provide  sufficient  pressure  between  the  couple 
components  to  insure  interdiff usion  without  cracking  the  diboride.  The 
holder  was  heated  in  argon  inside  a  carbon  tube,  furnace.  The  completed 
details  were  provided  in  the  previous  report  (1). 

Two  phase  alloys  provided  from  the  zone  refining  program 
in  Part  I  and  those  prepared  by  high  pressure  hot  pressing  from  ZrB^(l) 
powder  and  Zr  metal  were  equilibrated  in  an  argon  atmosphere  in  either  a 
resistance  wound  furnace  or  a  Glo-Bar  type  tube  furnace.  Alloys  equilibrated 
in  this  way  could  be  quenched  to  ambient  temperatures  in  a  relatively  short 
time. 


The  compacted  mixtures  of  metal  and  boron  powjlers 
(0.40  in.  diameter  by  0.20  in.  long)  were  heated  in  vacuo  (1  x  10  J  torr) 
in  a  resistance  furnace.  Two  furnaces  were  used;  one  consisted  of  a  BeO 
muffle  with  Ta  wire  windings  and  ZrO^  powuci  insulation;  the  other  was  a 
Ta  resistance  furnace  of  vertical  split  tube  design  with  Ta  radiation  shields. 
The  pellets  were  set  on  pressed  and  sintered  ZrO^  discs.  The  furnace  was 
enclosed  in  a  water  cooled  jacket  and  the  entire  assembly  was  contained  in  a 
mc.tal  vacuum  bell  jar.  Temperatures  were  measured  with  calibrated  W-3%  Re 
vs.  W-25%  Rc  thermocouples  and  with  an  optical  pyrometer.  Cooling  was 
accomplished  by  backfilling  the  vacuum  system  with  He  to  about  75  mm  Hg 
pressure.  The  latter  furnace  was  also  used  for  tho  arc  melted  specimens. 

4.  Heating  Conditions  and  Evaluations 

The  experimental  conditions  for  tho  diffusion  couples  and 
the  equilibration  experiments  and  tho  evaluations  obtained  for  these  specimens 
are  collected  in  Table-  19.  Representative  photomicrographs  of  each  type 
of  specimen  are  provided  in  Figures  74  through  79. 

5.  Results  and  Discussion 


The  results  presented  in  Table  19  are  summarized  and  com¬ 
pared  with  the  previously  reported  (35,  3  6)  phase  diagrams  and  the  calculated 
phase  diagrams  in  Figures  80  and  817" 

The  salient  features  of  the  present  investigation  are: 

(a)  The  metal-"mctal  rich  boride"  solidus  temperatures 
for  the  Zr-B  and  Hf-B  systems  are  1660  and  I960  C  respectively. 

(b)  There  is  a  solid  phase  stable  at  elevated  temperatures  in 
the  composition  region  near  50  a/o  B.  This  is  presumably  the  previously 
reported  monoborirle.  For  the  Zr-R  system,  this  phase  is  not  stable  below 
1500  C  as  evidenced  by  the  diffusion  couple  experiments.  The  experiments 
with  B/Zr  =  1.0  and  1.5  show  this  phase  to  be  stable  from  1625°  up  to  2360°C. 
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A  TING  CONDITIONS  AND  EVALUATIONS  FOR  PHASE  DIAGRAM  STUDY 
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As  Zone  Refined  Unetched  -  X500 


Exp,  No.  d-6 

1400°C  -  7,4  Hours  -  Argon  Unetchcd  -  X500 


Figure  74  -  Zone  Refined  Two  Phaoe  Alloy  Specimen:  Boron  Rich 
ZrB^  +  2nd  Phase 


1  -16 


As  Hot  Pressed  Unetched  - 


X500 


Exp,  No,  d-10 

1500°C  -  18  Hours  -  Argon,  followed  by 
1550°C  -  36  Hours  -  Argon 
Etched  X500 

Etchant:  Modified  Aqua  Regia 

Figure  75  -  High  Pressure  Hot  Pressed  Specimen:  ZrB^  (1)  Powder  and 

r-r  Tir  I.  1  T-v  /  r?  ..  _  1  P' 

X'  lV±WiXX9  J-j/  —  A#-* 
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F.xp.  No.  VHT-6 
1850°C  30  Minutes  Argon 

Etched 

Etchant:  Modified  Aqua  Regia 


X£50 


Figure  76  -  Cold  Pressed  Compact  Specimen:  Iifg  93^  0.07 


J.  48 


Etched  X5Q 

Etchant*  10  cc  Glycerine,  10  cc  HNO,, 

2  cc  HCL,  0.1  cc  HF 


Etched  X500 

Etchant;  10  cc  Glycerine,  10  cc  IINO3,  2  cc  HCL,  0.  1  cc  HF 
Exp.  No.  VHT-18 
2015°C  1  Hour  Vacuum 


igure  77 


Arc  Melted  Specimen:  ZrR  14BQ 


G'-f1  v  ^  ,-A  ''-v‘*  V/*  _  *  -■»  *r*\ 

^Iv  <  *  .  ? 

v.  .  fy^h^Jsfyi:  f — i  - 

-'*-  U— rtT  X-1  -^V"  »  ■  ■ 

'■  S  -/>  X-  *•  N'  -  <  >A£  < 

-7v>-'  >.>,•  v-  ■.-*1  ■  s 
a.  .  ^  .  -■  .  ,  .--  Kjf-^  x 


iJt  ■  ^Z-' -  'a 


_  A  7  *•>-  '  £  y-if-  >X 


Etched  X50 

Etchant:  10  cc  Glycerine,  10  cc  HNO,, 

2  cc  HCE,  0,  1  cc  IIF 


Etched  X500 

Etchant:  10  cc  Glycerine:,  10  cc  HNO  , 

2  cc  HCE,  0.  1  cc  HF 

Exp.  No.  VIIT-15 
2000°C  1,2  Hours  Vacuum 

Figure  78  -  Arc  Melted  Specimen:  Hf^  ^ 
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Etched  X500 

Etchant:  10  cc  Glycerine,  10  cc  UNO.,, 

2  cc  HCL,  0.1  cc  IIP  3 
Exp.  No.  VHT-19 
2330°C  1  Hour  V ucuum 

Figure  79  -  Are  Melted  Specimen:  Zi'  .  , 

U*  4  l)  j  o 
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The  monoboride  could  not  be  quenched  to  ambient  temperatures  unless  a 
carbon  impurity  was  present  to  stabilize  the  "cubic"  monoboride.  No  X-ray 
evidence  for  an  orthorhombic  monoboride  was  found  in  this  investigation  for 
the  Zr-B  system.  For  the  Hf-B  system,  the  reported  orthorhombic  monoboridc 
was  formed  and  retained  in  cold  compacted  powder  mixtures  of  Hi  and  B 
heated  at  1625°,  1650°,  and  1850°C  for  times  from  30  to  45  minutes.  Similar 
mixtures  heated  to  2000°-2250°C  for  shorter  times  showed  only  Hf  and  HfB^ 
in  the  heat  treated  specimens.  Arc  melted  specimens  heated  at  2000  C  for 
1.2  hours  did  show  the  orthorhombic  monoboride  in  the  heat  treated  specimen. 
The  results  of  Exp.  Nos.  VHT-10,  -13,  and  -16  show  that  the  so-called 
monoboride  or  the  metal-rich  boride  in  the  Hf-B  system  is  stable  at  a  compo¬ 
sition  of  40  a/o  B.  There  has  been  no  previous  evidence  of  a  significant  range 
of  composition  for  the  stability  of  hafnium  monoboride.  The  subject  of  the 
effect  of  carbon  on  the  relative  stabilities  of  the  monoborides  of  zirconium 
and  hafnium  has  been  reviewed  by  Nowotny,  Rudy,  and  Benesovsky  (37) . 

(c)  The  solidus  temperature  for  metal  rich  ZrB^  and  HfB^ 
are  above  23  60  C  and  above  2250  C  respectively. 

(d)  The  solidus  temperatures  for  boron  rieh  ZrB^  and  HfB^ 

are  both  above  the  melting  point  of  elemental  boron  (2030  C^.  In  the  Hf-B 
system,  equilibration  of  a  composition  IIIq  g^at-  2015  C  for  1  hour  did 

not  produce  a  liquid  phase  but  only  HfB^  wds  identified  in  the  sample  after 
cooling.  In  the  Zr-B  system,  equilibrations  were  carried  out  at  2015  and 
2170  C.  The  dodecaboride,  ZrB^,  was  identified  by  X-ray  diffraction  in  a 
sample  after  heating.  The  previously  reported  (1)  electron  prob^  analysis  of 
a  boron  rich  ZrB^  two  phase  alloy  specimen  equilibrated  at  1730  C  showed 
<0.1  a/o  Zr  in  the  second  phase.  Thus,  both  systems  have  solid  phases 
present  at  elevated  temperatures.  The  phases  probably  have  the  MeB^-, 
composition. 


(c)  Several  samples  were  selected  for  electron  microprobe 
analysis  of  both  metal  rich  and  boron  rich  compositions  in  the  Zr-B  and  Hf-B 
systems.  The  results  of  these  analyses  and  the  previously  reported  data  (_1)  are 
summarized  along  with  calculated  phase  boundaries  in  Table  20.  The 
metallogruphie  analyses  of  some  of  the  heat  treated  are  melted  specimens 
indicated  evidence  that  a  phase  decomposition  had  occurred  during  cooling.  In 
some  of  the  latter  specimens  the  overall  composition  of  the  apparent  two  phase 
region  was  scanned  for  average  composition  of  the  equilibrium  phase  at  elevated 
temperature.  The  electron  probe  results  confirm  the  very  narrow  range  of 
the  single  phase  fields;  the  composition  limits  of  HfB?  are  undistinguishablo  by 
this  technique.  The  composition  of  the  dodecaboride  indicates  a  boron  deficiency, 
that  is,  ZrB  jq  ^  The  dark  grey  phase  in  the  boron  rich  Zr-B  alloys  at  high 
temperatures  liiis  a  considerable  amount  of  Zr.  The  average,  composition  of 
94.  2  vv/o  Hi  for  the  2nd  phase  in  VHT-6  •agrees  with  Lhe  composition  calculated 
for  the  mono  bo  ride. 
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Zirconium- Boron  System 

Figure  80,  Zirconium -Bor  on  System. 


15:1 


Temperature 


o 

o  _ 


Figure  81.  Hafnium -Bor on  System. 


TABLE  20 


COMPARISON  OF  OBSERVED  AND  CALCULATED  PHASE  BOUNDARIES 
IN  THE  Zr-B  AND  Hf-B  SYSTEMS 


Calculated  ZrB 

2  Boundaries 

Calculated.  HfB2 

Boundaries 

Atom  Fraction  Metal 

Atom  Fraction  Metal 

T  emp. 

~PKT 

Metal  Rich 

Boron  Rich 

Metal  Rich 

Boron  Rich 

1400 

0.  659 

0.  665 

0.  663 

0.669 

1600 

0.  657 

0.  667 

0.  659 

0.  671 

1700 

0.  655 

0.  669 

0.  658 

0.  675 

1800 

0.  654 

0.  672 

0.  657 

0.  677 

2000 

0.  653 

0.675 

0.  655 

0.  679 

2100 

0.  652 

0.  677 

0.  655 

0.  680 

2200 

0.  652 

0.  678 

0.  655 

0.  681 

2300 

0.  652 

0.679 

0.,  655 

0.681 

2400 

0.  652 

0.  680 

0.  655 

0.  682 

Hu  suits  of  Electron  Frobu  Analyses 


Material _  Experimental  Conditions 

Zone  refined  boron  1730°  C-12  lira,  -argon 

rich  two  phase  alloy 


Zr/ZrB^  Diffusion 
Couple 

Z r/ Z r B ^  Diffusion 
Couple 


Arc  melted 
Zr0.  14B0. 86 


1400°  C-24  hrs.  -argon 

1000°  C“1 16  hrs, -argon 

2015°  C-l  hr.  -vacuum 
(VHT-18) 


Are  melted  Hffj.d^o.fa  VIIT  6 

Arc  melted  HfQ  14BQ  g6  VHT-18 

Arc  melted  Hfn  .B_  ,  VHT-16 

U  ,  4  U  .  b 


_ Re  suits _ 

Matrix:  80.  8^0  Zr  H/ Zr 

2.  02 

W/ 

2nd  Phases:  <  0.  1  /n  7.  r 

W/ 

Diboride  Phase:  81.  1  jo  Zr, 
B/Zv  -  1.07 

Diboride  Phase:  80.9  7°  Zr, 
B/Zr  =  1. 99 

ZrB^  +  Z  r  B  ^  £  By  X-ray 
D  iff  r  actio  n 

White  Phase:  80.  3  7°  Zr; 
B/Zr  =  2.08  Purple  Phase: 
44.  8  %  Zr;  /Zr  =10.5 
Grey  Phase:  In.  5  /o  Zr; 

/Zr  =  43 

Composition  of  diboride  phu 
indistinguishable  from 
JB/Hf  =2.0 

Grey  Phase  region  of  VHT-6 
showed  94.  2  w/oHf,  B/Hf  1 
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IX  THERMODYNAMICS  OF  STABILITY* 


A.  Introduction 


The  description  of  the  thermodynamic  and  oxidation  properties 
of  the  transition  metal  diborides  generated  during  the  past  two  years, 
"indicates  that  metal-rich  deviations  from  stoichiometry  in  these  compounds 
will  probably  result  in  additional  enhancement  of  the  oxidation  resistance", 
(ref  1  p  iii  and  p  7).  Present  efforts  in  the  preparation  and  oxidation 
characterization  of  HfB£  and  ZrB^  reported  in  Section  IV  and  VI  of  this 
report  have  provided  substantial  support  for  this  prediction.  .Since  the 
purpose  of  the  stability  study  is  to  Drovide  a  rational  basis  for  guiding  the 
development  of  oxidation  resistant  diboride  compounds  ,  current  interest  has 
been  centered  on  the  description  of  a  model  which  can  predict  the  relative 
oxidation  resistance  of  tne  pure  stoichiometric  diborides  and  the  effects  of 
composition  on  the  oxidation  resistance.  In  addition,  a  description  of  the 
effects  of  ternary  additions  on  the  thermodynamic  properties  of  the  diborides 
has  been  generated  in  order  to  gain  some  insight  in  selecting  candidate 
third  component  additions.  Finally,  available  volumetric  data  on  oxide,/ 
diboride  have  been  collected  in  order  to  present  a  graphical  description  of 
the  degree  of  coherencybctween  the  oxide  and  diboride  . 

It  should  be  emphasized  that  the  general  problem  is  quite  complex 
and  that  the  consideration  presented  below  arc  idealized  and  not  necessarily 
unique.  However,  on  the  basis  of  present  information,  these  areas  appear 
most  fruitful. 


B .  Consideration  of  the  Boron  Activity  Gradient  Across  the  Metal 
Oxide  Formed  During  Diboride  Oxidation 


On  the  basis  of  the  observed  oxidation  behavior  of  the  diborides, 
we  consider  a  system  described  by  Eq,  (1) 


1 


(Diboride  [  x,  T  ] 


T  (Oxide) 


X  ( 


B2°3> 


(1) 


As  a  first  approximation  we  consider  a  case  where  the  activity  of 
metal  atoms  in  the  diboridc  phase  (r\) ,  which  has  a  composition  x,  is  equal 
to  the  activity  of  metal  atoms  in  the  oxide  phase  (T).  Secondly  we  assume 
that  the  activity  of  oxygen  in  the  oxide  is  equal  to  the  activity  of  oxygen  in 
the  (\  )  phase.  These  assumptions  are  gross  idealizations  since  no 

gradients  in  composition  are  considered  within  the  t|  or  X  phases  nor  are 
Me  and  O  gradients  considered  between  the  r|/T  interface,  1,  or  the  T/X. 
interface  at  point  Z.  Thus,  no  diffusion  limitation  is  considered. 

We  can  now  compute  the  ratio  of  the  activity  of  boron  in  the  r| 
phase  to  that  in  the  oxide. 


#  L.  Kaufman,  ManLabs,  Inc. 
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The  calculation  is  illustrated  schematically  in  Figure  82  which 
starts  with  a  metal  rich  diboride  and  graphically  illustrates  metal  activity 
equilibration  across  interface  1,  oxygen  equilibration  across  interface  2, 
and  computation  of  the  boron  activity  gradient,  The  activity  composition 
curves  drawn  in  Figure  82  are  schematic  but  it  can  be  shown  that  the  cross¬ 
over  point  is  associated  with  the  minimum  in  the  free  energy-composition 
curve  which  is  taken  to  be  close  to  stoichiometry. 

In  order  to  compute  the  boron  activity  gradient  between  points  1 
and  2,  the  following  procedure  is  utilized.  The  free  energy  of  formation 
(per  gram  atom)  of  diboride  phase  is  given  by 


AF^x.T]  =  (1-x)  RT  ln^lx.T]  +  x  RT  In  aj1  [  x,  T]  (2) 

where  x  is  the  atom  fraction  of  boron.  Similarly,  we  approximate  the  free 
energy  of  formation  of  the  T  phase  (HfO_,  ZrO  ,  TiCL  and  NbO„)  by 

AET[T]  =  ( j)  RT  In  aMJ  +  (f  )  RT  In  aQT  (3) 

while  the  free  energy  of  the  (X)  phase  is 

Ai'A  [  T]  -  (f  )  RT  In  aBK  +  (f )  RT  In  aQ"  (4) 

Tn  the  TaB-^/Ta^Ot;  calculations  the  coefficients  (i/3)  and  (z/i)  in 
Eq.  (3)  are  simply  replaced  by  (2/7)  and  (5/7).  Equating  the  metal  activities 
across  interface  1  yields 


aMe  1  X’T]  =  aMeT 


(5) 


Substitution  into  (2)  and  (3)  yields 

Alr'*  [  x,  T]  -  ( 1-x)  (3.  5  AF  -2.  5  RT  In  uq  )  +  xRT  In  [  x]  (6a) 

for  the  TaB^/Ta^O^  case,  and 

Af’Mx.T]  =  (1-x)  (3AFT-  2RTlna0T)  + 

for  the  other  diborides.  Equating 

T  \ 

3  —3 

o  o 

across  the  interface  at  point  2  and  substituting  Eqs.  (7)  and  (4)  into  Eqs.  (6a) 
and  (6b)  yields 


xRT  In  a  11  [  xj  (6b) 

(7) 
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RT  lnaBn  [  x]/aBX  =  2.  1£FT-  2.  5£F  X  -  0>6(l-x)aF1’[x,T] 

+0.1  (10-4x)(l-x)"1RTln  a^f  x.T]  (8a) 

for  the  T aB^  /T  a20c|  case,  and 

RTlna^xl/a ^  =  2.  2521 FT-  2.  5  £FX  -  0  75  (1-x)  £Fn  [  x,  T]  (8b) 

+0.  25  (4-x)(l-x)_1  RT  In  aJ1  [x,T] 

n 

for  the  other  diborides.  Thus  Eqs.  (8a)  and  (8b)  specify  the  boron  activity 
gradient  as  a  function  of  x,  and  T,  The  calculation  nc selects  the  change  in 
stoichiometry  of  the  T  and  X.  phases  as  a  second  order  effect. 

Substitution  of  the  appropriate  values  for  £f"*\  £F^  (Table  21), 
f  x.  T](_l>  29)  and  RT  In  [x,T](l>_29)  into  Eqs.  (8a)  and  (8b)  for  the  case 
x  =  2/3  yields  Figure  83.  The  activity  gradient  -  temperature  curves  of  Fig¬ 
ure  83  indicate  that  on  the  basis  of  this  model  HfB-^  and  ZrB^  are  superior  to 
TiB2  which  is  superior  to  TaB2  and  NbB2»Thc  compositional  dependence  of 
the  activity  gradients  predicted  by  Eqs.  (8a)  and  (8b)  indicate  that  the  dominant 
compositional  dependent  term  is  RT  In  [  x,T]  which  decreases  with  de¬ 
creasing  x.  Thus  the  boron  activity  gradient  will  become  more  negative  as  the 
activity  of  boron  in  the  q  is  decreased  or  as  x  is  decreased.  Hence  metal  rich 
diborides,  x  <  2/3,  should  yield  more  negative  boron  activity  gradients  and 
better  oxidation  resistance  than  boron  rich  diborides.  This  is  the  same  con¬ 
clusion  as  that  reached  in  Section  VI  on  the  basis  of  minimizing  the  pressure 
of  B?03". 

C .  Calculation  of  the  Effects  of  Ternary  Additions  on  the;  Thermodynamic 
Properties  of  Diboridcs 

In  addition  to  the  conclusion  ^  that  metal  rich  1  If  13 ^  and  /, r B 2  would 
afford  superior  oxidation  behavior,  it  was  suggested  that  ternary  alloying  ad¬ 
ditions  such  as  tantalum,  yttrium  and  silicon  might  also  provide  beneficial 
re  suits UJ  .  The  fo  rmer  two  elements  might  diffuse  into  the  oxide  and,  if  the 
Wagner  mechanism  were  operative,  impede  diffusion  of  oxygen.  Moreover, 
those  elements  are  known  to  stabilize  the  cubic  and  tetragonal  forms  of  the 
oxide,  Silicon  was  chosen  because  of  its  glass  forming  tendency  and  ability 
to  substitute  for  boron  on  the  buron  sublultiee  within  the  r|  phase.  Presently, 
additions  of  Ta,  Y,  and  Si  are  being  made  to  metal  rich  IlfB^  and  ZrB2  in 
small  quantities.  The  following  thermodynamic  analysis  which  is  designed 
In  rieliniute  the  thermodynamic  effects  of  these  additions  is  an  extension  of  the 
Schottky  -  Wagner  model  of  non- stoichiometric  binary  phases  developed  earlier  (30) 
to  the  ternary  case.  Thus  two  situations  are  treated,  the  first  considers  ad¬ 
ditions  of  a  third  element  which  substitute g  on  the  metal  lattice.  In  the  second 
case,  an  element  which  substitutes  on  the  boron  lattice'  in  the  q  phase  is 
considered. 
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TABLE  21 


TABULATION  OF  FREE  ENERGIES  OF  FORMATION 
REQUIRED  IN  MODEL  CALCULATIONS 


T°K 

(-AFX) 

(-AFT) 

c  0 

(H£02)° 

(Zr02)  + 

(TiOz)t 

5jo;< 

(Ta205) 

(Nb02)°° 

k  cal/ g,  at. 

k  cal/ g.  at. 

1400 

44.  8 

68.  3 

66.  1 

53.9 

49.  1 

43.  5 

1600 

42.8 

65.  5 

63.2 

52.4 

46.4 

41.0 

1800 

40,8 

8?„7 

60,  3 

49.6 

43.8 

38.  5 

2000 

38.  8 

60.0 

57.  5 

46. 8 

41.0 

36.  0 

2200 

36.8 

57.4 

54.6 

44.  0 

38.4 

33.  5 

2400 

34.  8 

54.  8 

51.6 

41.6 

36.4 

31.  3 

2600 

33.  4 

52.  1 

48.6 

39.2 

34.3 

29.  3 

2800 

32.  4 

49.4 

45.7 

36.7 

32.  3 

27.  3 

3000 

31.4 

46.  8 

42.8 

34.  3 

30.2 

25.  1 

II 

o 

O' 

T  2 
o  3 

T  2 
x  =  -j- 
o  3 

0* 

II 

u>|ro 

T  5 
*o  =  7 

T  2 

X  “  -T 

o  3 

Note  s 

*  JANAF  Thermo  chemical  Tables  (March  1961)  Dow  Chemical  Co. 

Midland,  Michigan 

o  Schick,  H.L.,  Anthrop,  D.F.,  Dreikorn,  R.E.,  Banst,  P.L.  and  Panish. M.  B . 
"Thermodynamics  of  Certain  Refractory  Compounds"  Quarterly  Progress 
Report  #4,15  June  1963  Contract  AF  33(657) -8223  AVCO  RAD  Wilmington, 

Mass.  ,  u  171 

+  Ibid  QPR  #5,  15  Sept.  1963  p  23  3 
t  Ibid  p  221 
Ibid  p  241 
oo  Ibid  p  193 
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Iii  order  to  extend  the  treatment  of  binary  diborides  (1 , 29,  30)  to 
the  ternary  case  where  two  of  the.  elemental  components  occupy  the  metal 
lattice,  we  consider  a  system  A-B-C  containing  a  ternary  compound  having 
the  rj  crystal  structure.  The  composition  is  specified  by  setting  (1-x-y) 
equal  to  the  atom  fraction  of  A,  x  equal  to  the  atom  fraction  of  B,  and  y 
equal  to  the  atom  fraction  of  C.  We  consider  a  case  where  two  sublattices 
exist,  the  A  and  B  atoms  occupying  one  subiattice,  while  the  C  atoms  oc¬ 
cupy  the  other  (i.e.  A  =  hafnium,  B  =  tantalum,  C  =  boron).  If  stoichiom¬ 
etry  corresponds  to  y  =  yQ  and  the  total  number  of  sites,  filled  and  unfilled, 
is  Ns  then, 

NsA  =  Number  of  A  sites  =  (1-x-y)  (1-yo)  (1-y)  ^Ns 
Nsb  =  Number  of  B  sites  =  x(l-y^)(l-y)  *NS 
NgQ  =  Number  of  C  sites  =  y0Ng 

while 

=  Number  of  A  atoms  =  (l-x-y)N 
nb  =  Number  of  B  atoms  =  xN 
Nq  =  Number  of  C  atoms  =  yN 
where  N  is  Avogardro’s  number. 

If  the  ratio  of  A  atoms  on  A  sites,  Nai>  1°  A  atoms  on  B  sites, 
NA0>  is  equal  to  the  ratio  of  A  sites  to  B  sites  (ditto  for  the  B  atoms)  then 

Naa  =  Number  of  A  atoms  on  B  sites  =  x(l-x-y)  N(l-y)  * 

NAi  =  Number  of  A  atoms  on  A  sites  (1-x-y)  'N(l-y) 

and 

NBo  =  Number  of  B  atoms  on  A  sites  =  x(l -x-y)N(l -y) 

.  2  - 1 

Ngi  =  Number  of  B  atoms  on  B  sites  =  x  N(l-y) 

.  (3-5) 

In  line  with  the  standard  stale  convention  adopted  earlier, 
the  free -energy  per  gram  atom  F^is  given  by  Eq,  (9) 


(l-x-y)FA°  -1  xFp°  +  yr  c°  +  (--~)  A.F  + 


nah-fa+  NmFn  i  NCIP  r.  i 
N  +N  +  N 


+NMFa0  +  !^B0.FB0  -kT  in  Wp 
N  N 


In  Eq.  1,  ,  Fg“,  and  are  the  free  energies  ox  pure 

A,  B,  and  C  at  the  temperature  in  question,  where 


[0°K]  =  F°  [0°K]  =  F°  [0°K]  -  0  at  one  atmosphere 


(10) 


is  the  reference  state.  Moreover ,  AF^  is  the  free  energy  of  formation  of 
the  ternary  compound  for  a  given  value  of  x  and  y0.  The  free  energies  of  A 
atoms  on  B  sites  and  B  atoms  on  A  sites  are  given  by  F^q  and  F-^q,  while 
F^  +  »  Fg  +  ,  an<^  ^C+  are  t*ie  ^ree  energies  of  formation  for  A,  B,and  C 
vacancies.  The  numbers  of  A,  B,  and  C  vacancies,  which  appear  in  Eq.  (9) 
are  given  as  follows: 


=  Number  of  vacant  A  sites  =  (1 -x-y)(l -y0)NB(  1 -y)  *-(l-x-y)N 
=  Number  of  vacant  B  sites  =  x(l -y0)Ns(l  ~y)  ^-xN 
N^.  =  Number  of  vacant  C  sites  -•  yQNg  -  yN 


The  final  term  to  be  evaluated  in  Eq.(9)  is  the  thermodynamic 
probability  factor  Wp  which  is  given  by. 


Wp  = 


NsC! 
>W  KC! 


N  . ! 
sA 


N 


na  , ;  n 

A+  A 1 


In 


sB 


BO' 


NB+','NBirSfI? 


(11) 


Making  the  appropriate  substitutions  for  the  Ns  and  applying 
Stirlingts  formula  and  substitution  into  Eq.  (9)  yields  for  the  case  yQ  =  2/3 


F’1  =  {l-*-y)F°  4  XF°  +  yF°  4  a  (AF^  4  x(l -yf ‘(AF^  -AF^  )  ) 

U4  Cj  C. 

-K  |  +y-l)  (l-y)'1((l-x-y)FA+  +  xFB+)4(|z  -y)Fc++x(l -x-y)(l -yf1  W 

3 

+RT(-j  In  +  y  In  y  +  x  lxix  +(l-x-y)  In  (1-x-y) 

+(-|  2;  -  y)  In  (-|  z  -  y)  +  (yz  +  y  -  1)  In  (~  z  +  y  -  1)  )  (12) 


where  z  =  ratio  of  sites  to  atoms  =  Ns/N,  W  =  F  AO  +  ^BO’  an<l  tbe  free 
energy  of  formation  of  the  ternary  compound  AF  ■[*» yol  l13-8  been  approximated 
by  a  linear  combination  of  the  free  energies  of  formation  of  stoichiometric  AC 2 
and  BC2  which  might  represent  TaB2  and  HfB2.  Under  these  conditions  Eq.  (12) 
reduces  to 


r"  --  (>-x)rA  +  +  3  (iFACE  1  -  ArAC2»+  2  FC4+  W 


+RT  (x  In  x  +  (1-x)  In  (1-x)  ) 


(13) 
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for  the  case  where  y  =  0  and  Ns/N  =  3  which  corresponds  to  a  substitutional 
solid  solution  of  A  in  B  with  the  C  sublattice  empty.  Eq.  (13)  is  recognizable 
a3  being  the  regular  solution  approximation  for  substitutional  solid  solutions. 
In  the  other  limits  where  x  =  0  or  1  -x-y  ~  0  (i,  e.  no  B  or  A  atoms  are 
present) ,  Eq, ( 12)  reduces  to  the  equation  for  the  binary  compound  identical 
with  the  expression  derived  earlier  (_R  29,  30). 

The  next  step  in  the  derivation  is  to  fix  the  composition  and 
minimize  the  free  energy  at  constant  temperature  and  pressure  by  letting 
the  volume  (i.  e.  the  total  number  of  sites)  vary.  This  procedure  is  perform¬ 
ed  by  setting  the  derivative  of  F7!  (Eq.  12)  with  respect  to  z  at  constant  x,  y, 
and  T  equal  to  0.  The  result  is 

3,ArAC2  +  -  AF^)  )  ♦  ,FA++*(l-yfVB+-FA+))+Fct 

=  -3RT  In  3  a  4-1'3  (14) 

where 

-3RT  In  3  a  4-'1/3  =  RT  In  (4  z 3  27 ' 1 )  ( |  z  -  y)  "2  (I  z  +  y- 1)  "  1  ( 15) 

when  y  =  yQ  =  2/3,  a  -  4  ^(z  l)/3z  =  u.41///3(Ns  -N)/3NS.  Thus,  as  in  the 
binary  case,'4'  a  is  the  fractional  number  of  vacant  sites  at  stoichiometry. 
Substitution  of  Eq.  14  and  15  into  Eq.  (12),i.  e.  minimization  of  the  free 
energy  with  respect  to  volume,  at  constant  composition,  temperature,  and 
pressure,  yields 

=  (1-x-y)  (f“  -  Fa+)  +  x(F°  -  FB+)  +  y(F^  -  Fc+)  4  x(l-x-y)  (1-yf V 
+RT(x  In  x  +  y  lay  4  (1-x-y)  In  (1-x-y)  -y  In  (-^z  -y) 

-(1-y)  In  (jz  4  y- 1)  )  (16) 

Eqs,  14,  15  and  16  completely  define  the  temperature  and  com¬ 
positional  dependence  of  the  free  energy  in  terms  of  the  parameters  F/^^., 

FB4>  F C4>  a  ancl 

The  final  step  in  the  present  analysis  is  the  derivation  of  the 
partial  molar  free  energies.  For  the  case  of  a  binary  system  (i.  e.  if  y 
were  equal  to  zero)  these  relations  are  well  known. 


Fa  =  F  -  x 

(17) 

and 

A  9x 

—  ,  3F 

FB  =F+(i’x)8— 

(18,) 
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where  Fa  and  Fg  are  the  partial  molar  free  energies  of  A  and  B  and  x  is 
the  atom  fraction  of  B  and  (1-x)  is  the  atom  fraction  of  A,  The  analogous 
expressions  for  the  ternary  ease  are: 


fa 

=  F-X(8?)y-V(f7)x 

(19) 

fb 

=  F  +  (i.x)  0)y-y(|f)x 

(20) 

Fc 

=  F-x(|f)y  +  (i-y)(|f)x 

(21) 

Since  Eqs. ,  14,  15  and  16  yield: 


(ff)  =  -  <F*  -  Fa+)  +  (F°  -  Fb+)  +  W(l-Zx-y)  (1-y)  _1+  RT  lnx(l-x-y)'1 


+  I  ^1-y)"l(FB+_FA++3  |AFBC2  -  AF1c2  >  ) 


(22) 


and 


.OF 


2/  Tr> 


«7}*  =  “  (fa  “  FA+>  +  <Fc-  Fc+)  -  Wx d-y)  +  (fb+-fa+ 

+  3  (AF^g  -  AF^c  )  )  +RT  lny  (jz  +  y  -  1)  ( 1  -x-y)  _1(f  z-y) 

'Z  ’  2  "  (23) 


-1 


Substitution  into  Eqs,,  19,  20  and  21  yields  the  expression 
for  the  partial  molar  free  energies  as  follows: 

Fa"  -rA"  -FAt+W*2(l-y)'2-  i“(1-y>'2(FB+-FA  +  +  3(AFBC2-AFAC2» 


+RT  In  (1-x-y)  (~  z  +  y  —  1)  * 


(24) 


fb  -  fb  =  -  fb++  Wd-x-y)2  <l-y)'Z+  I  (1-x-y)  x  (i-y)~z(FB+  -fa+ 

+  3  (^Fg11  -  AFj[c  )  )  +  RT  In x  (}z  +  y-1)'1  (25) 


Since 


fc‘fS!!-fc+  +  rt  lny  ( I  z-y)_1 
fa  -  fa  =  rt  l‘>plU,y]/pA 

Fj  -rj  =  RT  In  p^  [x,y]/p° 


B 


(26) 

(27) 

(28) 
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and 


Fj  -  Fj  =  RT  lnpj!  [x,yl/p° 


C 

d 


(;  9) 


nd 

.ding 


where  p.  [x,y],  pg  [x,y],  and  L  x,  y]  are  ‘he  pressures  of  A,  13,  ai 
C  respectively  over  the  alloys  and  pj£  t  pg  ,  and  p^H  are  ae  corre  iTjor.dii 
vapor  pressures  of  the  pure  elements,  Eqs.  25  through  29  can  be  used  to 
compute  the  vapor  pressures  of  the  elements  over  the  alloys. 

In  particular  when  y  =  y  =  2/3 


?A  -  FA  =  -  F-Ap9wd-3x(J,  -Fa+«  (AF;c  C  )  ) 

2  2 


+RT  In  (  j  -x)  (1-3  a!  4  "1//3)  41/3a'1 


(30) 


+2  (AF  *  ) 


FB'Fb'  ‘Fb++^W(  3  -x)  +  2  (0. 5  -  x)  (I  B+  -I  A+  T£.  pa-r  Br;"  ,-->r  AC 

+  RT  lnx(l-3  q-4"1^3)  4  1//3  a'1 


a.nd 


jr  ^  tt  °  _  jr  + 

c  fc"  + 


RT  In  41/3(l-3  ad'1/3)  3_1  a"1 


(31) 

(32) 


where  z  can  be  approximated  by  unity. 

When  y  is  less  than  2/3,  z  s  3(1  -y)  and  (  4  z  +  V  1)  Is  approxi¬ 
mately  equal  to  27 op  (1  -y)3(2-3y) "2.  Under  these  conditions  Eqs.  24  through 
26  reduce  to 


Tr-d  77*  ^  _ 


•a  -a  -  -  -xO-y)"  '<  V-rA! 

+RT  In  (1-x-y)  (2-3y)2  27  " 1  a  ~3  (1  -y)  "3  (33) 

*B  -rB  •  "fb+  +w(i-*-y)2(i  y)-2  Ki-x-y)u-7!“(FB1 

+RT  lnx(2-3y)2  27-1  a'3(l-y)'3  (34) 


and 


Fj  -  F°c  =  -  Fc+  +  RT  lny(2-3y) 


-1 


(36) 


3  2  2 

When  v  is  creator  than  2/3,  z  ~  J  Y  ,  and  (  z  y)  is  approximately 
27«3y'54"r(3y-2)'1  and 
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-FA+  +  WxVyf24*y<1-y>'2<rB+-FA+ 

+RT  ln(l-x-y)  Z^y^)"1 


+3(afbc2"  AF1c2>  > 
(36) 


-  FB+  +  W(l-x-y)2(l-y)'2  +  |  (1 -x-y)y(l -y) '2(Fb+-Fa++3(AF^c-AF^c)) 
+RT  lnx2(3y-2)"1  (37) 


F^  -  F°  =  -  Fc++  ~  RT  ln4(3y-2)  27 ' 1  y'1  a'3 


(38) 


it  snould  be  noted  that  equations  (30-38)  reduce  exactly  to  those 
derived  previously  for  binary  diborides  (1 , 29>  30)  when  x  =0. 

2 .  Ternary  Me  (B,X)  2  Dibo  rides 

In  the  case  where  two  of  the  elemental  components  occupy  the 
boron  lattice  (i.e,  additions  of  Si  or  A1  to  the  metal  diboride  are  possible 
examples),  the  development  is  similar  to  Section  C-l  with  the  following  changes. 
We  consider  a  system  A-B-C  containing  a  ternary  compound  having  the  h  crys¬ 
tal  structure  with  (1-x-y)  atom  fractions  of  A,  x  atom  fractions  of  B,  and  y 
atom  fractions  of  C.  Here  A  and  B  atoms  occupy  the  "boron"  lattice  and  C 
is  the  metal  atom  (i.e.  A  -  silicon,  B  =  boron,  and  C  =  hafnium).  In  this  case 
yo  =  1/3  since  y  is  the  atom  fraction  of  metal  and  yG  is  the  value  of  y  at  stoi¬ 
chiometry.  Thus  the  development  of  Section  C-  1  through  Eq.(ll)  is  directly 
applicable.  However,  in  the  present  case  the  value  yo  ~  l/3  must  be  used 
(rather  than  y0  =  2/3)  in  order  to  obtain  the  analogue  of  Eq.  (12). 

Making  the  appropriate  substitutions  for  the  Na  and  applying 
Stirling’s  formula  and  substitution  into  Eq.  ( 1 1)  yields  for  the  caso  y^~  l/3 

F11  -  (l-x-y)l-’A  +  xl  B  +  yl- c  H-  54  (AFCA^  +  x(l-y)  (AJ?CB2  "  AI'  CA^ 

+(§*  +  y-l)(l-y)"]((l-x-y)  FAh+xFu+)  +  (|z  -  y)Fc++x(l -x-y)(  1-yf  1 W 
+  RT(-  j  In  --|y-  +  y  In  y  +  x  lnx  +(l-x-v)  In  (l-x-y) 

+(jz  -  y)  In  (  jy.-y)  +  (  jz  +  y  -  1)  In  (-|z  +  y  -  1))  (39) 

where  z  =  ratio  of  sites  to  atoms  =  Ns/N,  W  =  ?  aq  +  Fpp,  and  the  free  energy 
of  formation  of  the  ternary  compound  AF1!  [  x,  yQ)  has  been  approximated  by  a 
linear  combination  of  the  free  energies  of  formation  of  stoichiometric  CB2  and 
CA2  which  might  represent  HfB^  and  a  HfSi2>"ri  type"  compound.  Under  these 
conditions  Eq.  (39)  reduces  to 
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(40) 


F”  = 


•(AF  '  -- 


L.B.. 


AF  - 


1 


. 1  +  — F  .  \ 
L  U+' 


4-  Yy  v(  [  -  -v\ 


+RT  (x  In  x  +  (1-x)  In  (1  ~ x)  ) 

for  the  case  where  y  =  0  and  N  /N  -  — -  which  corresponds  to  a  substitutional 
solid  solution  of  A  in  B  with  the  C  suBlattice  empty.  Eq,  (40)  is  recognizable 
as  being  the  regular  solution  approximation  fo r  substitutional  solid  solutions, 
in  the  other  limits  where  x  =  0  or  1-x-y  =  0  (i.  c.  no  B  or  A  atoms  are  present), 
Eq.  (39)  reduces  to  the  eauation  for  the  binary  compound  identical  with  the  ex¬ 
pression  derived  earlier  ( 1  >  ?-9>  30) . 

Fixing  the  composition  and  minimizing  the  free  energy  at  con¬ 
stant  temperature  and  pressure  by  letting  the  volume  (i. e.  the  total  number 
of  sites)  vary  as  before  yields: 


3<AFCA2+  ^((-y)"1  (afCb2"afCa2j  )  +  2(FA+  +  *U-yf ‘(fB4-fa+>)  +fc+ 

-I 

-  -  3  RT  In  3«4  3  (41) 

where  , 

-3RT  In  3a  4  3  =  RT  In  (  f  z  +  y  -1)"?'(  j z  -v)  _1  (4Z) 

I  I 

when  y  =  y^  =  “•,  a  -  4  3(z-l)/3z  -  4  3(Ng -  N)/3N  .  Thus,  as  in  the  binary 
case,  a  is  the  fractional  number  of  vacant  sites  at  stoichiometry.  Substitution 
of  Eqs.  41  and  42  into  Eq.  (39),  i.  e.  minimization  of  the  free  energy  with 
respect  to  volume,  at  constant  composition,  temperature,  and  pressure,  yields 

=  (l-x-y)(F“  -  FaJ  +  x(Fg  -Fb+)  +  y(F°  -  Fc+)  +  x(l-x-y)(l-y)-1W 
+RT(x  In  x  +  ylny  +  (l-x-y)  In  (1-x-y)  -y  In  (  z-y)-(l  -y)ln(-j  z+y -  1))  (43) 


Eqs.  41,  42  and  43  define  the  temperature  and  compositional 
dependence  of  the  free  energy  in  terms  of  the  parameters  F^+,  Fg+,  F q+,  a 
and  W. 

Eqs.  ,  41-43  yield 

(|f)y  =  -<F°  -  Fa+)  +  (F“  -  rB+)  +  W(1  -2x-y)(l~y)_1+  RT  lnx<l -x-yf1 

t}  z  (l-y)-1(2(FBt-FA+)t3  (AF^  -  AF^)  )  (44) 
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and 


-(fa  -  fa+^+(fS  -  Fc+>  -  w/(i-y)'S-(i-yr^(FB+-FA+) 


+3  (AF 


CB^  CA^  +  RT  lnY(f  E  +  z-y)"1 


(45) 


Substitution  of  43-45  into  Eqs»,  19,  20  and  1  yields  the  follow¬ 
ing  expressions  for  the  partial  molar  free  energies: 


f  A  '■  FA  =  •IA++  W*2  (‘-yl-2  -  T  «  (1-y  )'2(2(Fb+  -  rA+)  +  3(AFj.B-AFjAn 
+  RT  In  (1-x-y)  (  ~  z  +  y-1)  1  (46) 

FB  '  Fb  =  "  FB+  f  Wll-x-v)Z  U-y)"2  +  j  (1-x-y)  z  (l~yf2(2(FB+  -  F A+) 

+3  (AFnCR  -  AF^a))  +  RT  In  x  (  |  z  f  y-1)"1  (47) 

id  2 

F?~  “  F®  =  -  Fc+  +  RT  In  y  (  i  z-yf1  (48) 

Since 

Fa  "  FA  "  RT  ln  PA  [  y]  /  f  A  (49) 

F  l  -  F®  *  RT  ln  pj  [  x,  y]  /p  ®  (50) 

and 

F  c  “  1  c.  “  RT  ln  Pc  t x* yl / Pc  (51) 

where  pjl  [  x,  y]  ,  p’p  [  x,  y]  ,  and  p^L,  [  x,  y^  are  the  pressures  of  A,  B,  and  C 
respectively  over  the  alloys  and  ,  p™,  and  p2  are  the  corresponding 
vapor  pressures  of  the  pure  elements,  Eqs.  49  through  51  can  be  used  to 
compute  the  vapor  pressures  of  the  elements  over  the  alloys. 


In  particular  when  y  -  yQ  =  -j 

F  A  -  rA  =  FA4  +  1  w“2  -  1 *  <2‘fb+  -fa+>  ^cb!  -  ) 


1 


1 

f  RT  In  (4r  -  x)  (1  -'iff  4  ~^ )  a  1  2  ^ 


(52) 


169 


-  F°  =  -  F„  .4  -2-  W  (4  -  x)2  +  t(1  -x)  ( 2(F  .  -F  .  ,)  +  3  (AF11 


CB„ 


-l/3  -1  -1/3 

+RT  In  x  ( 1  -  3  of  4  )  a  2 


■Af!1.  )) 
^2 


(53) 


and 


=  n  t-.o 

F  C  "£C=  -F 


.  ,  ,lA,  ,  -1 

t  Ki  in  l  l  -  u  -*  )  ^  u 


(54) 


C+ 


where  z  can  be  approximated  by  unity. 

1  -12. 

When  y  is  less  than  3,2,-  1.5  ( 1  —  y )  and  (2z3  +y  -1)  is  ap¬ 
proximately  equal,  to  4  <y2  ( 1  -y)  2  (1  -2y)  ‘  1 .  Under  these  conditions  Eqs.  27 
through  29  reduce  to 


-2 


l1  4x+W  x  (1  y)  -2  x(l  y)  (2(FRj.  -  i1  A4. )  1  ^(^Fqb^  CA^ 

(55) 


lA  •‘■'A'  A+ '  "  ^  y/  "  '"'"13+  A+ 1 

+  2'1  RT  In  ( 1  -  x-y) 2  <l-3y)  4  a  “ 3 ( 1  - y) " 3  27~* 


1.^  -  F^  =  -  F^+Wd-x-yJ^tl-y)'4  +  2_  \  1  -x-y)(  1  -y) "  A  (2(FB+- FA+) 

.  -  3  _  „  - 1 


- 1/ 


B  B 


B+ 


3(/>F*>  .  -  AF11'  A  ))  +  2'1  RT  In  x^(i-3y)  4  a~3(  1  -y)  ' 327 '  ‘  (56) 

^L'Z  UA2 


and 


FC  '1'C  "  '  yG+  1  RT  ln  2y  (1~3y) 


-1 


When  y  is  greater  than  ~r  ,  z 
Thus, 

p1!  .  p°  -  _  p  ■  -  2 

1  A  A  ’ 


(57) 

3  .3, 


.-  2 


7  ,  z  »  3y ,  and  (3  z-y)  is  approximately  27  a  y  (3y-i). 


■A|H  W  x2  ( 1  -y)'‘!-xy(l-y)'Z(2(»'B+  -►\+)  +  -a*V» 


+11T  ln  ( 1  -  x-y)  (3y-l) 


-  J. 


2 

(58) 


Fp  -I'n  ~  -Ft,  ,4  W(l-x-y)2(l-y)  Z+(  l-x-y)y(  1 -y)  2(2(F  -F  )+3(AF^  -AFn  )) 


B  J3 


13  + 


B+  A+ 


CB. 


CA„ 


+RT  ln  x  ( 3 y  -  1 ) 


1 


(59) 

Ft’  -  F"  =  -  F  +  RT  ln  (3v-l)427"1  o'3  y  '2  (60) 

^  O  Ur 

These  equations  are  explicit  if  W  is  known  or  approximated  by  zero. 
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3. 


Evaluation  of  the  Calculated  Thermodynamic  Effect  of  Ternary 
Add i t io us  on  the  Bo  ron  Activity 

It  is  now  appropriate  to  consider  the  results  of  the  formal 
calculations  for  the  meta.l  rich  case  where  the  third  element  enters  the  q 
phase  on  the  metal  lattice  (Eqs.  33-35)  and  for  the  metal  rich  case  where 
the  third  element  enters  the  q  phase  on  the  boron  lattice  (Eqs.  58-60). 

Taking  the  former  case  first.  Eq,  35  gives  the  activity  of  boron  as 

RT  In  a^1  =  -  FQ^  +  RT  In  B  (2-3B)'1  (61) 

where  Fgq  is  the  free  energy  of  formation  of  boron  vacancies  in  the  ternary 
(Hf,  Me)  B2  or(Zr,  Me)  B2  diboride  which  is  metal  rich.  In  this  equation, 

10  represents  the  atomic  fraction  of  boron  in  the  ternary  compound.  The 
free  energy  of  formation  of  boron  vacancies  is  known  (3,  4)  f0jr  uie  casc  vvhe re¬ 
tire  atom  fraction  of  metal  is  zero  (i.  e.  for  the  pure  diboride).  If  the  fraction 
of  Me  is  small,  one  can  assume  that  the  change  in  due  to  Me  additions 

might  be  small.  The  corresponding  expression  for  metal  rich  Hf  (I3,X)2  or 
7,r(B,X)2  is  given  by  Eq.  59.  Approximating  W  =  0  and  the  atom  fraction  of 
X  -  A  small  (i.  e.  1-x-y  small)  yields 

RT  In  a^  =  -  F^  +  RT  In  B  (2-3B-3X)'1  (62) 

where  X  is  the  atom  fraction  of  element  X.  Thus  if  we  neglect  the  effects  of 
Mo  and  X  on  Fp  +  ,  we  find  that  for  -metal-  rich  ternary  diborides 

UjJ  [lIf(13,X)2J/a^[  (Hf,  Me)Bz]  ~  1  -(3X)/{2-313)  (63) 

where  B  t  X  must  be  less  than  2/3  to  preserve  the  metal  rich  condition 
(hence  3X  <  2-3B).  Reference  to  Eq.  (63)  indicates  that 

a)  additions  of  a  third  clement  which  enters  the  lmron 
sublattice  to  metal  rich  diborides  is  likely  to  produce 
a  greater  lowering  of  the  boron  activity  than  the  ad¬ 
dition  of  a  third  element  which  enters  the  metal  sub¬ 
lattice  in  mctal-rich  diborides 

b)  as  the  atomic  fraction  of  X  increases  the  activity  of 
Boron  decreases. 

The  total  quantity  of  X  which  can  be  substituted  into  the  r|  phase  will  be 
limited  by  the  ternary  phase  relations  (i.  e.  how  much  X  can  be  substituted 
into  the  q  phase  before  an  alternate  Me-X.  B-X  or  ternary  Me-Ei-X  com¬ 
pound  precipitate s)and  by  the  vaporization  of  X.  Thus,  according  to  Eq.  5K. 
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-1 


(64) 


RT  In  p^/  px°  =  -  Fx+n  +  RT  In  X  (2-3B-3X) 

where  is  the  free  energy  of  formation  of  X  vacancies  in  the  tj  phase. 

This  quantity  is  usually  a  positive  number.  Since  the  vapor  pressure  of 
pure  silicon  is  of  the  order  of  10"2  atm.  at  2500°K,  then  if  X  is  silicon, 
reduction  of  the  silicon  pressure  over  the  r\  phase  to  10“6  (comparable  to 
boron  in  metal  rich  HfE>2  or  ZrB£  i '  4)  at  this  temperature  would  require 
the  right  side  of  Eq.  (64)  to  be  -46  k  c.al/g  at.  At  2500°K,  Fr^  is  about 
44  k  cal/ g.  at.  Thus,  if  F cq]}  was  equal  to  F y]} ,  values  of  PSi*  equal  to  or 
less  than  10~°  atmospheres  could  be  obtained  if 

Si  (Z-SB-SSi)'1  <:  |  (65) 


Defining  the  ratio  of  B+  Si  to  Hf  by  R  (where  R  is  less  than  2) 


3  R  Hf  =  3(B+  Si)  (66) 

or 


with  Hf  near  -j-  yields 

Si  '2  (68) 

(2  ••  K)  ’  3 

T  hu  u ,  if  the  boron  -1  silicon  to  metal  ratio  is  about  1.9  then  silicon  additions 
up  to  0.066  atomic  fraction  or  6,6%  should  not  produce  vapor  pressures  of 
silicon  in  excess  of  10"^  atmospheres  at  25U0C>K.  Reference  to  Eq.  (63)  shows 
that  the  addition  of  the  maximum  amount  of  Si  allowed  by  F.q.  (68)  would  lower 
the  boron  activity  by  a  factor  of  three. 

D .  Comparison  of  the  Volumes  of  Ilf  Bg  vs-  Hf  Og  and  /.rib,  Z  r  O  g 

In  order  to  compare  the  volumetric  constraints  at  the  oxide/  diboride 
interface,  the  volumes  of  I]f02>  ZrOg,  TiOg,  Nb02  and  TagO^  were  com¬ 
puted  at  25°C(38).  These  volumes  arc  compared  with  corresponding  values 
for  the  diboride  a  (m  in  Table  22.  The  results  indicate  that  the  "matching 
order"  corresponds  to  the  order  of  oxidation  resistance  except  that  ZrBg  and 
HfB2  are  interchanged.  It  is  difficult  to  make  this  comparison  at  high  tem¬ 
peratures  due  to  the  lack  of  accurate  data  on  the  volume  of  the  oxides.  How¬ 
ever,  the  following  computations  were  performed  for  the  I  If  2/  HfOp  and 

'/. rfi/  ZrO  .  For  ZrB?  and  HfB  ,  the  results  of  this  study  (1 >  40)  yield 
2  2  c,  c. 
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TABLE  22 


COMPARISON  OF  DIBORIDE  AND  OXIDE  VOLUMES  AT  25°C 


Diboride 

Volume^^ 

cm-Vg.  at 

Me02  Volume^ 
cmV g.  at 

Percentage  Difference 

ZrB2 

6.  17 

7. 05 

13.  3 

HfB2 

5.  97 

6.  86 

13.9 

TiB2 

5.  15 

6.  26 

19.5 

NbB2 

5.  48 

7.  03 

24.  8 

Ta^O;.  Volume 
i.  0 

TaB2 

5.  32 

7.  35 

32.0 

(7/6)Ta2Ot.  Volume# 

46.7 

8.  57 

*  One  gm.  atom  of  TuB->  contains  (l/3)  N  tantalum  atoms,  One  gm.  atom 
of  Ta^O^  contuina  (2/7)  N  tantalum  atoms..  Hence  (7/6)  gm, atoms  of  Ta^O^ 
contuina  the.  samti  number  of  tantalum  atoms  as  one  gm.  atom  of  TaB^. 
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VT1[ZrB2,T]~  6.  17  +  1.  lfixlO-4  T(°C}  cm3/g.at 


(69) 


and 

V11[HfB2,T]  ;  5.97  +  1.  22x10'**  T(°C)  cm3/g.at  (70) 

for  25° C  <  T  <:  1600°C. 

For  the  oxides,  the  following  procedure  was  used.  The  expansion 
coefficient  of  monoclinic  ZrO^  was  taken  from  dilatometric  measurements  (41) 

yielding 

VH[Zr02,T]  -  7.05  +  U  70xl0~4  T(°C)  cm3/g.  at  (71) 

for  T  <  1  100°C.  The  volume  of  the  tetragonal  form  of  ZrO^  (9)  was  com¬ 
puted  from  X-ray  measurements  at.  about  I  2Q0°C (42,  43)  and  the  assumption 
that  the  expansion  coefficient  of  the  jj.  and  T  phases  wore  equal,  Thus 

VT[  ZrO^.T]  “  6.80  +  1.70xl0'4  T(°C)  cm'Vg.  at  (72) 

for  T  >  .1 200° C 

The  volumetric  calculations  for  JIfOa  were  performed  using  1st- 
tice  parameter  data  at  25  (42.  44),  1640  (44)  and  1 920° C  (44)  ,  assuming 
that  the  expansion  coefficients  of  the  T  and  |i  phases  are  equal.  Thus 

V*A[  IlfO  ,T]  =  6.  86  +  2.29X10"1  T(°C;)  cm'Vg.  at  (79) 

for  T  <  1700  C,  and 

VT|  lift)  ,  T]  =  6.9?.  +  2.29x10"'  1(UC.)  cm3/u.  at  (74) 

for  T  >  1800  C.  Figure  84  shows  the  volume  temperature  relations  for 
the  V.AVj/.vO^  and  I  If]  i  1  IfO  ^  eases  as  functions  of  temperature.  Re¬ 
ference  to  Figure  84and  Eqs.  (69“74)  indicates  that  at  1800IJC,  VTl[  ZrB^J  “ 

6.38  nn-'/i;,  a  and  V^"[  ZrO^j  c  7.11  cm  V g.  at.  while  V^fllfito]-  6 .  1 9  cm  ’/g .  at. 
and  vT[Zr02]  ~  6.93.  Thus  at  1800UC  the  percentage  volume  differences  are 
about  11.  4%  h  r  both  eases. 

On  the  basis  of  these  considerations,  stabilization  of  a  cubic  ZrC>2  or 
1  IfOz  with  a  gram  atomic  volume  nearer  the  diborido  might  provide  enhanced 
oxidation  resistance. 
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APPENDIX 


CHEMICAL  AND  SPECTROSCOPIC  ANALYSES  OF  SAMPLES 
FABRICATED  BY  HIGH  PRESSURE  HOT  PRESSING 


Spectroscopic.** 

Quantitative  Chemical  1 

Powder 

Material* 

Sample 

No. 

Qualitative 

Quantitative 

Me 

B 

B/Mc  Other 

(Range  w / 

(w )  o) 

(w/of 

(wTc>y 

HfR.,(l) 

R1 

N.  D. 

88.3 

10.  5 

1.96 

H£B2(2A) 

R38-3 

Mn:  .01-0.1 

8V.  3 

10.0 

1.85 

Fe:  .01-0.1 

.  007 

R45 

N.  D. 

87.9 

10.0 

87.0 

10.  2 

1.88 

R51 

Nog. 

N.D. 

N.  D. 

II£Bz(2) 

R32 

Nog. 

N.D. 

N.D. 

R2.1 

Si:  0.1  -1.0 

0.38 

N.D. 

N.D. 

Al:  .01-0.1 

0.023 

1129-1 

A.l:  .  010.  1 
Mn:  .01-0.1 

0.  rru. 

O  ’.  011! 

87.5 

10.  8 

1.98 

R28-6 

Al:  0.1  -1.0 

0.  032 

N.D. 

N.D. 

Si:  0.1  -1.0 

0.  18 

Mn:  .01-0.1 

0.  013 

(A  30 

N.  1). 

87 . 2 

N,  D. 

R49 

Nog. 

N.l), 

N.D, 

R52 

N.  D. 

N.D 

N .  I : , 

N:  0.06 

ZrB^fl) 

R1 

N .  D. 

80.  1. 

17.  55 

1.83 

R2b 

N.  D. 

80.  9 

17,6 

1 . 83 

R?.H 

Nog. 

N .  D . 

N.D. 

R30 

Nog. 

N.D. 

N.D. 

R43 

N.D. 

N.D. 

N.D. 

N:  0. 19 
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CHEMICAL  AND  SPEC TKOSCUPlC  ANALYSES  OF  SAMPLES 
FABRICATED  BY  HIGH  PRESSURE  HOT  PRESSING 


Spectroscopic** 

Quantitative  Chemical  f 

Powder  Sample 

Material*  No. 

Qualitative  Quantitative 

Me 

B  B/Me 

Other 

(Range  w/o)  (w/o) 

(w/  o) 

(w  /  o) 

ZrB2(P) 

R5 

Si:  0.1  -1.0 

Ti:  0.01-0. 1 

Mo:  0.  01-0.  1 

N.D. 

N.D. 

ZrB>(  1)  +  Zr+Si 

(ZrB,  Si  ) 

'  1.75  9.  L  b 

A20 

N.  D. 

N.D. 

16 . 5 

IlfB  (2)+Hf 
(HfB17) 

A 15 

N.D. 

89.2 

- 

I-IfEu(2)+  Hf  +  Si 
(H^1.7Si0.25> 

A 19 

N.D. 

87 .  1 

9.  8 

Si: 3, 7 

*  The  powder  materials  are  identified  and  described  in  Section  III, 

**  The  Spectroscopic  analytic u  were,  performed  by  the  Jarrell  Ash  Co.  , 
Newton,  Maas,  The  letters  N.  D.  signify  "not  determined";  Neg. , 
negligible  amounts  of  metallic,  impurities  found. 

I  Tile  chemical  analyses  which  are  not  underscored  were  performed  by 
the  methods  recommended  by  the  Los  Alamos  Laboratory  (see  Reference) 
by  Mr,  Donald  Ournsey,  Metallurgy  Department,  M.  I.  T.  The  under¬ 
scored  analyses  wen;  performed  at  ManLabs  by  the  pyrohydrol ysis 
method  as  described  in  the  reports  by  Union  Carbide  Research  Institute, 
Tarrytown,  N.  Y.  ,  on  the  program  entitled  "Research  on  Physical  and 
Chemical  Principles  Affecting  High  Temperature  Materials  for  Rocket 
Nozzles",  Progreso  Reports  from  June  30,  1963  through  Dec.  3.1,  1964. 
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•.ENTARY  NOTES 


’ONT.ORING  MILITARY  ACTIVITY 


I3|  ABSTRACT 

of  the  thermal  conductivity  and  emissivitx  of  T iB£,  ZrB-?,  HfB2  and  Ta.B2  or. 
(dense  poly  crystalline  samples  between  i  i00°  and  20C0°K  are  presented.  Stu.l|j 
/of  the  electrical  resistivity  of  ZrB£  and  'f  have  been  extended  to  ISOO^C  a|| 
are  presented  as  a  function  of  porosity  mi  impurity  phases.  Comparisons  :aj 
have  been  made  of  computed  Zr-B  and  h;-B  phase  diagrams  with  experiment. |tt> 
phase  equilibria  in  these  systems  and  per  nit  estimates  to  be  made  of  the  fre.^: 
energies  of  formation  of  the  monoborides  .  Theoretical  methods  for  predic  mi  ,(|j. 
the  relative  oxidation  resistance  of  the  p  i.  e  diborides,  off  -  stoichiometric  ’Jt 
compounds  and  ternary  diborides  have  bee <i‘ developed.  This  desqripnon  bre  ■*"*• 
the  correct  sequence  of  oxidation  re sist.  n  e  and  the  enhanced  oxidation  fi, 

resistance  of  metal  rich  diboride.  An  additional  inference  is  that  ternary  aifrv*'' 
ing  elements  substituting  on  the  boron  sv.Y  attice  will  enhance  ox:.dat;oj.  Q  1‘h 
ties.  *  r°P>hr  %■ 
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